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FOREWORD
This study report was prepared by General Dynamics Space Systems Division
(GDSS) for the National Aeronautics and Space Administration Marshall Space
Flight Center (NASA/MSFC) in accordance with Contract NAS 8-36924, Data
Requirement Number DR-4. The results were developed from August 1986 to
January 1988.
This volume describes the detailed analyses performed for ground processing
both expendable and reusable ground-based orbital transfer vehicles (GBOTVs)
launched on the Space Transportation System (STS), a reusable space-based OTV
(SBOTV) launched on the STS, and a reusable GBOTV launched on an unmanned
cargo vehicle and recovered by the Orbiter. This volume also contains the
detailed analyses performed for space processing the reusable SBOTV at the
Space Station in low Earth orbit (LEO) and the maintenance/servicing of the
SBOTV accommodations at the Space Station. In addition, the candidate OTV
concepts design and interface requirements are presented along with the Space
Station design, support, and interface requirements. Finally, the development
schedule and associated costs for the required SBOTV accommodations at the
Space Station are presented.
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SUMMARY
The Turnaround Operations Analysis for Orbital Transfer Vehicles (OTV) Study
was conducted by General Dynamics Space Systems Division (GDSS), Contract No.
NASA8-36924, under the direction of the National Aeronautics and Space
Administration (NASA)/Marshall Space Flight Center (MSFC).
The basic study was for 12 months with an add-on which brought the total time
to 18 months. The results of the total study are presented in this final
report.
The objectives and accomplishments during this study were to adapt and apply
the newly created database of Shuttle/Centaur ground operations. Previously
defined turnaround operations analyses were to be updated for ground-based
OTVs (GBOTVs) and space-based OTVs (SBOTVs), design requirements identified
for both OTV and Space Station accommodations hardware, turnaround operations
costs estimated, and a technology development plan generated to develop the
required capabilities.
The study provided technical and programmatic data for NASA pertinent to OTV
ground and space operations requirements, turnaround operations, task
descriptions, timelines and manpower requirements, OTV modular design and
booster and Space Station interface requirements, OTV Space Station
accommodations design and operations requirements, SBOTV accommodations
development schedule, cost and turnaround operations requirements, and a
technology development plan for ground and space operations and space-based
accommodations facilities and support equipment. Significant conclusions of
the effort were:
a. Shuttle/Centaur Lessons Learned
1. Semi-automated cryo stage can be extended to full automation
2. Identified manual operations: candidates for automation
3. Airborne support equipment (ASE) for ground-based cargo bay OTV will
be complex (dump and dual fault tolerant)
4. Dedicated facility recommended
5. Facility should provide capability to simulate launch vehicle
interfaces and Space Station interfaces
6. Reduce number of moves
b. Ground Processing Operations for GBOTVs
i. Ground processing of ground-based cargo bay OTVs nearly identical to
Shuttle/Centaur
2. Ground processing of ground-based unmanned cargo vehicle (UCV) OTVs
similar to Atlas/Centaur and Shuttle/Centaur
. Ground processing of space-based OTV relatively simple
(a) Simple ASE
(b) No orbiter cryo integration
(c) No payload integration
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4. Recommend integrated processing facility for GBOTVs: Two shift
operations
5. Automated ground processing operations where possible
6. GBOTV initial launch 6 weeks (9200 manhours)
7. Nominal turnaround GBOTV 5 weeks + mission (7800 manhours)
8. UCV OTV initial launch 5 weeks (6500 manhours)
9. UCV OTV nominal turnaround 5 weeks + mission (6200 manhours)
10. Recommend shared ground processing facility for SBOTV
c. Ground Processing Operations SBOTV
1, Ground processing of space-based OTV relatively simple
(a) Simple ASE
(b) No orbiter cryo integration
(c) No payload integration
2. Recommend shared ground processing facility for SBOTV
3. SBOTV single shift operations - Initial Launch Ii weeks (10,332
manhours)
d. Space Processing Operations SBOTV
I. SBOTV can be based at Space Station and turned around in safe and
cost-effective manner
2. Use teleoperations for SBOTV turnaround tasks except for aerobrake
thermal protection system: extravehicular activity (EVA)
o Nominal turnaround for SBOTV:
(a) 63 manhours in space
(b) 763 manhours on ground
(c) 7 days + mission
_o SBOTV turnaround propellant resupply, support equipment maintenance,
and long-term cryogenic facility maintenance = 1273 manhours per year
average at the Space Station (3 men maximum per task)
e. OTV Design and Interfaces
i. Need proposed modular design of SBOTV to meet projected turnaround
times
2. Interfaces between OTV launch vehicle and accommodations have been
identified
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f. Space Station Design, Support, and Interface Requirements
1. SBOTV accommodations/support equipment and interfaces with the Space
Station have been identified
2, Minimum scars required on initial Space Station for SBOTV
accommodations
g. Support Equipment Development Cost and Schedule
h.
io
j •
I. Development of OTV accommodations technology requires
(a) Analyses, tests, and simulations on the ground
(b) A cryogenic experiment on an expendable launch vehicle (ELV) in
space, and Shuttle sortie missions for maintenance/servicing
experiment
(c) A maintenance/servicing Technology Development Mission (TDM) and
possibly a cryogenic TDM at the Space Station
2. $1.4 billion development cost for OTV accomm0dations/support equipment
for SBOTV initial operating capability (IOC) in 2001
Turnaround Operations Costs. Average $34M per year for on-orbit tasks to
turnaround a SBOTV
Technology Development Plan. The following is the priority listing of the
technologies needed to be developed for a SBOTV:
1. Propellant transfer, long-term storage, and reliquefaction
2. Automated fault detection/isolation and checkout system
3. Docking and berthing
4. Maintenance/servicing operations and facilities/support equipment
5. Payload mating/interface
Propellant Transfer _, Long-Term Storage, and Reliquefaction Technology
Development Requirements
I. Analyses, simulation and ground testing
2. An orbital experiment launched on an ELV with a H 2 tank scale factor
between 0.1 and 0.4
• Depending on the scale factor on the ELV experiment which produces
different confidence levels of extrapolation to full scale, these
options are seen to be able to reach operational capability
(a) 0.4-scale ELV (Titan IV) can lead to direct development of
operational system
(b) 0.1-scale ELV (Atlas/Centaur) would require additional full-scale
ground testing, or
(c) Full scale H 2 tank testing at the Space Station
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4. Too early to recommend which approach should be pursued
Automated Facility Detection/Isolation and Checkout System. Development
of GBOTV and SBOTV operation technology requires analyses, simulation, and
ground testing of automated fault detection/isolation and checkout system.
Maintenance/Servicing Operations and Facilities/Support Equipment.
Development of SBOTV accommodations technology requires analyses,
simulation, ground testing, and Shuttle sortie missions, and a Space
Station TDM for docking and berthing, maintenance/servicing,
operations/support equipment, and payload mating/interface.
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SECTION 1
INTRODUCTION
The Orbital Transfer Vehicle (OTV) Concept Definition and System Analysis
Studies, and earlier Space Station Architecture Studies, have shown that
space-based OTVs (SBOTVs) offer potential economic benefits over ground-based
OTVs (GBOTVs). In addition, the Definition of Technology Development Missions
for Early Space Station -- OTV Servicing Study, completed in 1984 and the
present OTV Concept Definition Studies have generated preliminary operational
scenarios and requirements for SBOTVs.
The General Dynamics Space Systems Division (GDSS) OTV Servicing Study used
our Eastern Test Range (ETR) Atlas/Centaur processing as a data base. This
has provided a sound background for a preliminary projection of activities to
maintain and service an upper stage in space. Recently, the design, launch
processing, and manufacture of the Shuttle/Centaur was essentially completed.
The launch processing was performed up to taking the stage out to the launch
pad before the program was cancelled. The Centaur, redesigned for increased
performance and Shuttle integration requirements, is closer to an OTV than the
vehicle used on Atlas.
Now that the Shuttle/Centaur integrated test planning data and launch
processing has been completed, GDSS has used this information as the data base
for the conduct of this follow-on study. Processing information has been
updated with this new data. In addition, with this new data, it was possible
to provide more detailed information on the most desirable methods for turning
around an SBOTV at the Space Station, the support personnel and equipment
needed, and the operations costs. The Shuttle/Centaur data base -- that of a
cryogenic upper stage launched from the Shuttle -- has provided National
Aeronautics and Space Administration (NASA) a comprehensive, substantiated
turnaround approach for Space StationlOTV planning.
The Space Transportation Architecture Studies (STAS) currently being performed
for NASA and Department of Defense (DoD) have placed strong emphasis on the
reduction of operations costs through simplification, automation, etc. This
turnaround operations analysis study provides additional information to
support the pursuit of this cause in the upper-stage area.
i.I OBJECTIVES
The basic objectives of this study are to adapt and apply the newly created
data base of Shuttle/Centaur ground operations planning to update previously
defined turnaround operations analyses for GBOTVs and SBOTVs, identify design
requirements for both OTV and Space Station accon_nodations hardware, and
estimate turnaround operations costs. Specific objectives which support these
basic objectives are as follows:
a. Define OTV turnaround operations requirements, concepts, and scenarios.
b. Conduct operations functional and task analyses.
08520 I-I
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c. Assess the impact of OTV turnaround operations on ground facilities and
Space Station design and support requirements.
d. Identify OTV design requirements of effective turnaround operations.
e. Analyze turnaround operations :osts and identify operations costs drivers.
f. Generate Technology Development Plan.
1.2 GROUND RULES AND GUIDELINES
The following ground rules and guidelines were used in the performance of this
study:
a. Make maximum use of prior and current projects.
b. Space Shuttle will be the Earth launch vehicle: $100M [Eastern Launch
Site (ELS)].
c. Revision 8 nominal m4_sion model.
d. Space StatioTI--E_ii_ial Operational Capability (IOC) 1994o
e. Orbital Maneuvara_±e Vehicle (OMV) will be available.
f. Orbiter Cargo Bay (OCB), Aft Cargo Carrier (ACC), and Unmanned Ca_o -
Vehicle (UCV) Launched
Defined by Marshall Space Flight Centerg Reference SBOTV configuration:
(MS, C) for Space Station Phase B.
h_
i.
-SBOTV life is a0 missions.
Definition of a Task: Any activity or collection of activities serving a
specified purpose relative to turnaround of the OTV.
j. Definition of a Resource: Any quantity required for the performance of a
task: Eac:h resource will be defined to appropriate depth for concept
definition.
k. Functional tasks will be completely defined.
i. Tasks sequencing information will be provided.
m. Functional/task data base compatible with govevnment computers.
1.3 OTV MISSIONS
The OTV will accomplish a wide range of missions, from Earth orbital to lunar
and planetary, both unmanned and manned. (See Figure I-I.) Routine transfer
of civilian and military payloads between low Earth and geosynchronous orbit
are planned, includin_ delivery, retrieval, and in-place servicing. The
operational scenario and mission profile of the OTV include: initial delivery
of the OTV with subsequent delivery of payloads and propellants from the Earth
to the OTV/servicing facility by either the Space Transportation System (STS)
of unmanned launched vehicles; integration of payloads on the OTV and
refueling of the OTV from propellant storage tanks on the servicing facility;
departure of the OTV and payloads to high orbits, translunar, or
interplanetary t_ajectocies; then return of the OTV via aerobvaking to the
servicin_ facility.
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For purposes of this study, NASA has specified that the NASA/MSFC Revision 8
nominal mission model be used. Figure 1-2 indicates the number of missions to
be performed each year for Revision 8 and when the major mission drivers first
occur.
1.4 STUDY APPROACH
The overall approach to this study will be a step-wise translation of
Shuttle/Centaur launch processing experience to: 1) an expendable GBOTV, 2) a
reusable GBOTV, and 3) a reusable SBOTV. (See Figure 1-3.) Each step will be
separately defined to allow a clear delineation of the functions and
requirements which are peculiar to each vehicle/basing mode. The major
differences between each step are called out to the right of the blocks.
This approach provides more insight for extrapolation from Shuttle/Centaur
launch processing to a reusable SBOTV.
Figure 1-4 presents the study schedule, delineating the tasks to be performed
and the program reviews. The technical work was accomplished in 16 months
with the reporting completed in 18 months.
To accomplish the study objectives, OTV turnaround operations requirements,
concepts, and scenarios were defined; operations functional and task analyses
were conducted; the impact of OTV turnaround operations on Space Station
design and support requirements was assessed; OTV design requirements for
effective turnaround operations were identified; turnaround operations costs
were analyzed; and operations cost drivers were identified. In addition, a
technology development plan was generated to develop the capability to process
both GBOTVs and SBOTVs.
1.4.1 TASK 1 - GROUND AND SPACE OPERATIONS REQUIREMENTS. The Shuttle Centaur
ground processing data base was used to assess and identify requirements for
OTV processing. As we evaluated the data base, we determined which
operational functions were Centaur peculiar and which ones were required for
OTV processing. The data consisted of operations plans which established the
processing and critical paths for Shuttle/Centaur at the ELS. The plan had
about 155 tasks defined and listed about 90 procedures to be accomplished
during Centaur processing, before it was transported to the vertical
processing facility. The operations plans foc the vertical processing
facility and Complex 39 were also assessed. This was the type of data that we
used to determine if all processes had been identified in the current OTV
space-based operations. We then updated the OTV data previously defined to
include the requirements identified here.
The Shuttle/Centaur data base also included manpower loading for each task and
equipment requirements.
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1.4.2 TASK 2 - FUNCTIONAL ANALYSIS. The requirements identified in Task 1
were integrated with other requirements such as guidelines and ground rules,
Space Station configuration baseline, the SBOTV concept defined by NASA/MSFC
to arrive at probable scenarios for processing. We looked at these
requirements and determined whether they were essential for.maintaining and
operatinK an OTV. Any potential tall poles were identified, and all
functional requirements were do6ument_ The functional analysis includes the
operations necessary to assemu_ a_SBOT_ on-orbit, space-based turnaround
operations, servicing/maintenance, pavl_ad integration, launch and retrieval
operations. We assessed these tun_-_Dns and incorporated any new requirements
that were essential and appropriate and deleted or modified those that were
not appropriate.
We formulated alternative scenarios from the functional requirements and
defined operational methods for accomplishing each alternative scenario.
These methods incorporated alternative means to accomplish each task, such as
different types of facilities and automation for ground processing and
different kinds of crew involvement, extravehicular activity (EVA) or
intravehicular activity (IRA), and mechanized alternatives such as
teleoperations, automatic disconnects on the vehicle, robotics, or a
combination for SBOTV. These alternatives and the designated GBOTV concepts
were compared in a trade study analysis to select a recommended approach in
Task 3.
1.4.3 TASK 3 - OPERATIONS TRADE STUDIES. In this task we compared the
attributes of each alternative operation identified in Task 2 to select a
recommended approach. We defined the selection criteria used to evaluate the
alternative operations. These criteria included design, operational, and cost
factors that have an impact on the selection of a recommended approach. This
task relied on inputs from Tasks 4 and 7 to provide adequate supporting data
for evaluation of the approaches. The alternatives and selection criteria
were then presented in a trade comparison matrix. The recommended operations
approach was selected using the data from this matrix.
1.4.4 TASK 4 - TURNAROUND OPERATIONS ANALYSIS. This task generated the
timeline analyses for both ground and space processing based on the
requirements and alternative operational definitions derived in Tasks 1 and
2. These analyses provided the OTV turnaround operations data necessary to
support the trade studies and to develop to more detail the trade study
recommended operations by defining the ground-based and space-based resources.
We updated the existing OTV timelines to meet new requirements and created new
timelines for new alternative functions. The timelines include OTV turnaround
operations on the _round and in space and the maintenance of any identified
Space Station OTV accommodations, such as orbital support equipment. Our
timelines were created from data that was developed on task analysis
worksheets. The task analysis worksheets are on computer disc and are used to
document the pertinent detailed tasks, task durations, and resulting
manhours. We also provided data to an appropriate level on task description
sheets. The task description sheet has the task identification code, task
descriptor, purpose, task description, task duration and frequency, and the
resource requirements.
0852O 1-8
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1.4.5 TASK 5 - OTV DESIGN AND INTERFACE REQUIREMENTS. Using the results and
reconmlendations of the turnaround operations analysis and the definition of
the baseline GBOTV and SBOTV, we identified and defined OTV design and
interface requirements for basing on the ground and at the Space Station.
These covered the areas of accessibility, modularity, size, and weight of
Orbital Replacement Units (ORUs); ORU attachment and removal provisions;
controlled storage; self-test to the ORU or subsystem level; handling and
mating provisions; payload mating provisions; accommodations for mechanical,
fluid, and electrical disconnects; zero-g propellant transfer; and management
system, etc.
1.4.6 TASK 6 - SPACE STATION DESIGN, SUPPORT AND INTERFACE REQUIREMENTS.
Using the definition of the space-based support equipment, the operational
maintenance, checkout and launch requirements, the definition of an SBOTV to
meet the operational and interface requirements, and the baseline Space
Station functional and design concept, we performed a design requirements
analysis to determine the accommodation needs from the Space Station to
support the SBOTV. This entailed identifying the operational and physical
Space Station support and interface requirements to accommodate the retrieval,
maintenance, servicing, checkout, payload mating, and launching of the OTV.
These included the mechanical, fluid and electrical interfaces; cg
considerations; spares storage; pressurized volume; propellant transfer, and
storage system; docking, berthing, and handling equipment; environmental
protection; and crew support requirements.
1.4.7 TASK 7 - TURNAROUND OPERATIONS COST ESTIMATES. A WBS and WBS
dictionary was developed which was used in the performance of the trade
studies. The task's costs of the recommended operational approach considering
the manpower resources required were estimated. The operational costs were
divided into two categories: fixed and variable costs. Fixed costs are
associated with a base cost not dependent on the number (within limits) of
OTVs processed during a period of time (normally 1 year). Operation cost
drivers were also identified. The design development test and evaluation
(DDT&E) and operations costs of the support equipment for the recommended
operational approach were also identified.
1.4.8 TASK 8 - TURNAROUND SCHEDULE. We developed a master program
development schedule for the OTV and the evolution of the Space Station from
IOC to the growth station which can support an SBOTV. From this, we generated
a design and development schedule for the turnaround operations support
hardware. The schedule included the technology development activities
including analysis and ground testing, Shuttle sortie flights and Technology
Development Missions (TDMs) required at the Space Station to develop the
turnaround operations capability.
1.4.9 TASK 9 - TECHNOLOGY DEVELOPMENT PLAN. We generated an integrated
technology development plan for the technologies required for ground and space
processing OTVs. This was a single plan which defined the tests and
experiments to be performed on the ground, on expendable flight experiments,
on Space Shuttle sortie missions, and on the early Space Station. The ground
processing technologies included: 1) fault detection/isolation and system
checkout, 2) visual inspection, 3) leak check and detection, 4) documentation,
and 5) facility checkout and operations provisions.
08520 1-9
GDSS-SP-87-OI8
The space processing technologies included: I) propellant transfer, storage,
and reliquefaction, 2) OTV docking and berthing, 3) EVA operations, 4)
OTV/payload mating, 5) maintenance facilities/support equipment, and 6)
automated fault detection/isolation and system checkout. The plan included
task objectives, requirements, mode of accomplishment, schedules, resources,
operations, and expected products. The plan reflected and accommodated
current and projected research and technology programs where appropriate.
1.5 OTV CONFIGURATION
Configurations evaluated for functional differences (See Figure 1-5) include
Atlas/Centaur; Shuttle/Centaur; Shuttle/Centaur derivative expendable OTV;
Boeing Ballute OCB launched reusable GBOTV: Martin ACC launched reusable
GBOTV; and SBOTV (MSFC reference configuration). In addition the Martin UCV
OTV (see Figure 1-6) was evaluated. The configurations will be shown in more
detail in the following sections.
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SECTION 2
SHUTTLE/CENTAUR PROCESSING DATA BASE
In previous OTV definition and servicing studies, the Atlas/Centaur ground
processing data base was used to derive OTV processing requirements. Now, the
Shuttle/Centaur data base, which has remarkable fidelity to proposed OTVs, is
being used to update the existing data. However, there are such differences
between Atlas/Centaur and Shuttle/Centaur processing, alone with the
completeness of the new data that Shuttle/Centaur data dominates this OTV
operations analysis.
2.1 ATLAS/CENTAUR A_D SHUTTLE/CENTAUR COMPARISONS
The primary and most obvious difference between the two vehicles was the
requirement for Centaur integration with the Shuttle Orbiter. (This require-
ment has far-reachlng design impacts and processinE constraints.) The
physical inteEration was accomplished with airborne support equipment (ASE),
which met the shuttle dual-fault-tolerant safety and propellant dump require-
ments. These requirements drove the design to result in rather complex ASE.
It was more deslrable to incoL'porate the requirements into the ASE and not the
vehicle to avoid weiEht penalties during space flight. The Shuttle/Centaur
vehicle was also widened to fit Orbiter carEo bay dimensions as can be seen in
Figure 2-1.
The Shuttle/Centaur is 29.5 feet lone and 15 feet in diameter (fully usinE the
Orbiter payload bay) and holds 46,285 pounds of propellants in the Ulysses
(International Solar Polar Mission) confiEuration. There was also a
Shuttle/Centaur G version which was 20 feet lone and held approximately 30,133
pounds of propellants.
The Centaur staEe used in the Atlas/Centaur launch vehicle is shown in Figure
2-2. It is 30 feet lone and 10 feet in diameter and holds 29,750 pounds of
propellants, with the capability of delivering a 5000-pound satellite to a
Eeo-transfer orbit.
The Shuttle/Centaur ASE, called the Centaur integrated support system (CISS),
is shown attached to the vehicle in Figure 2-3. The CISS depicted in Figure
2-4 in the Orbiter cargo bay without the Centaur vehicle was used to
structurally secure the vehicle to the Orbiter and to rotate it to launch
attitude. There were numerous interfaces, both fluid and avionics between the
Centaur, CISS, and Orbiter. Besides the Centaur/CISS interfaces shown in the
fiEure, there were also LO 2 and LH 2 fill, drain, dump, vent, and servicing
lines associated with the Orbiter interface and all of these interfaces were
connected and verified fairly late in the ground operations sequence.
There was also a difference in the level of automation during ground tests
between the two vehicles. The ShuttlelCentaur operated in a semi-automated
mode during ground tests because a manual interrupt was desirable for first
time testing and during Orbiter integrated testing. Eventually the Eround
testing would have been extended to full or near full automation as planned
0853O 2-1
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Figure 2-1. Shuttle/Centaur
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for the proposed OTV configurations. The Atlas/Centaur vehicle processing is
basically a manual operation. However, both versions are fully automated
during flight.
The actual processing scenarios and facilities are also quite different for
both vehicles. While the Atlas/Centaur is processed at one facility for
checkout, payload mating and launch, the Shuttle/Centaur was processed at
several facilities. Figure 2-5 shows how the Shuttle/Centaur is moved between
the various facilities at ELS during ground processing. As a comparison, the
moves between facilities in the Shuttle program double the lifting or handling
operations versus an Atlas/Centaur stage. Because of the possibility of
damage during lifting or handling, these operations tend to require large
crews.
The point of coordinated operations at vertical processing facility (VPF) and
Complex 39 (joint use facilities) is that besides having to coordinate with
more activities for your own cargo, outside activities may affect your
operation more easily than at a dedicated facility. For example, another
cargo may be in the other VPF cell, requiring safety constraints, stopping
Shuttle/Centaur operations, or requiring Orbiter interface verifications at
the same time. Lastly, when moved to joint use facilities, managing
integrated operations become more difficult because there are more parties
involved.
The Shuttle Centaur data reflects only the contractor efforts while in the VPF
and Complex 39.
The added processing complexities for Shuttle/Centaur are noted here to show
some of the differences from Atlas/Centaur processing and why the
Atlas/Centaur data has been almost completely replaced by the Shuttle/Centaur
data base as the foundation for assessing OTV operations.
2.2 SHUTTLE/CENTAUR PROCESSING DATA BASE
The Shuttle Centaur data is based on the actual experience of processing the
vehicle and CISS through Hangar J, Complex 36A, the VPF, and partial
integration with Complex 39. The vehicle and CISS were received and inspected
in Hangar J before going to Complex 36A for some assembly, subsystem testing,
terminal countdown demonstrations, and hydrazine loading. The Centaur was
then integrated with the development test module (a spacecraft simulator) and
tested for Shuttle integration, while the Galileo spacecraft was integrated
and received spacecraft-peculiar tests. At Complex 39, the Centaur ground
support equipment (GSE) was installed and checked. The GSE included skids
containing fluid and pneumatic plumbing and control equipment and fixed
service equipment, which provides the Complex 36 to Complex 39 interface to
allow remote monitor and control of the operations at Complex 39. Cold-flow
tests through the skids up to the Orbiter interface were accomplished. Thus,
all operations up to the point of installing the Shuttle/Centaur in the
Orbiter were completed and provide the actual experience data bases. Planning
was provided for Centaur and Orbiter integration and the launch confidence
test.
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The Shuttle/Centaur data base that transfers this hands-on cryogenic vehicle
experience to OTV operations, contains functional flows, timelines, crew
definitions, manpower loadings and procedures. This data is stored on
computer discs to allow quick access and manipulation of the data during the
analysis.
The Shuttle/Centaur processing Level 2 functional flow diagram is presented in
Figure 2-6. It shows the major tasks required to process the vehicle and CISS
through the various facilities. The associated timeline is shown in Figure
2-7. The data provides detailed information down to Level 3 and with the
procedures listed at that level it goes even further into the detailed tasks.
A synopsis of all the referenced procedures was also available during the
analysis. Table 2-1 provides an example of the Shuttle/Centaur test
procedures synopsis. The table contains the procedure number, title,
Shuttle/Centaur task number where it is used, and a brief description of the
procedure contents. The manloading information is shown in Table 2-2, which
ties most of the previous data elements together. It provides the task number
down to Level 3, task description, procedure number, personnel required,
activity location, dicipline of personnel involved (team), start date, task
time and task manhours.
This data base is used throushout the OTV operations analysis to determine
realistic assessments for OTV processing.
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SECTION 3
OTV GROUNDS OPERATIONS ANALYSIS
The OTV ground operations derived from the Shuttle/Centaur processing data
(through functional analysis), trade studies, and the resultant
recommendations are discussed in this section. The analyses are conducted on
five of the OTV configurations previously mentioned in Section 1.3 which
includes the following:
a. Reusable GBOTV - Cargo Bay
b. Expendable GBOTV
c. Reusable GBOTV - Aft Cargo Carrier
d. SBOTV
e. UCV OTV
The analysis evaluates the functional differences between these OTV
configurations and determines processing requirements, functional flows,
timelines, manpower requirements, and operational costs for all configurations.
The approach for doing the functional analysis starts with assessing the
Shuttle/Centaur database and identifying task functions that correlate with
each OTV configuration. Functional processing requirements are then generated
based on the correlation data. OTV-specific tasks and some additional
turnaround tasks are added to the requirements to provide inputs to the "OTV
Turnaround Operations Requirements Document" (GDSS-ASP-86-100). Functional
flows are constructed, based on the correlation data and requirements, which
provide inputs to the task analysis worksheets manloading data. In turn, the
task duration data from the task analysis worksheets is fed back into the
functional flows to produce the timelines.
The Macintosh computer with MAC project software is used to generate the
functional flows and timelines. An IBM computer with Lotus 123 software is
used for the task analysis worksheet manloading data.
It should be noted that all factor7 processing functions that were pact of the
Shuttle/Centaur data are identified and deleted from the analysis because they
are inappropriate for efficient launch site processing and they do not mesh
with the study ground rules. This amounts to 4,688 manhours, which are in the
Shuttle/Centaur database that will not show up in the OTV ground processing
data.
In doing the analysis, four options are considered as shown in Figure 3-1.
This includes two facility options and two level of automation options. One
facility option is a Shuttle Centaur-type facility where the vehicle is
processed through Hangar J, Complex 36A, the VPF, and Complex 39. The other
facility is a new integrated facility which would combine Hangar J, Complex
36A, and the VPF functions into one building, which would be similar to the
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existing VPF. The integrated facility would be designed from the inception to
make ground operations more efficient (e.g., a higher level of facility
automation, easier handling and access features).
The second set of options considers the level of automation for checkout of
the OTV.
First, we use the ShuttlelCentaur level of automation which is characterized
as mixed, meaning that some operations such as avionics checkout are fully
automated, while others such as pneumatics are not nearly as automated. The
second option is full automation, meaning that we assume that ground
processing is automated as much as possible thereby offering savings not only
in ground operations task time, but also in crew size.
The four options are only assessed in the reusable GBOTV cargo bay
configuration. The other configurations are assessed with regard to the two
extreme options [i.e., Shuttle/Centaur-type facility with Shuttle/Centaur
level of automation and integrated processing facility (IPF) with full
automation].
The first OTV configuration in the analysis is the reusable cargo bay vehicle
which is similar to the Shuttle Centaur in complexity and operational scenario.
3.1 REUSABLE CARGO BAY (BALLUTE) GBOTV
The OTV assessed in this section is a Boeing concept and is similar to the
Shuttle/Centaur, except for auxiliary tanking and ballute-type aerobrake
system.
3.1.1 CARGO BAY GBOTV DEFINITION. The vehicle concept developed by Boeing
during the Phase A OTV definition studies is shown in Figure 3-2. This
concept uses an expendable ballute for an aeroassist device, which is
assembled on the vehicle shortly after return from a mission during turnaround
operations. The vehicle concept has a payload carrying complexity which has
not been considered in this analysis. Some payloads cannot bg carried in the
cargo bay with the OTV because the total liftoff weight exceeds the Shuttle
launch capability, especially in the case where auxiliary tanks are used, when
volume is also a limitation. This means that two Shuttle flights are required
to carry the OTV and payload to orbit. This analysis only considers the case
where the vehicle is mated with the payload on the ground, integrated into the
Orbiter cargo bay, and carried to orbit in one Shuttle flight.
3.1.2 CARGO BAY GBOTV PROCESSING REQUIREMENTS. OTV correlation with the
Shuttle/Centaur data is assessed and defined as shown in Table 3-1. The task
analysis/manloading worksheet (presented in Table 2-2) is modified to show
only the Shuttle/Centaur processing task number, task description, and
procedures with a column added for correlation identification. The numbers in
this column are eventually deleted and the remaining contents are merged with
added tasks to form the final manloading database. From this data,
requirements are established and complied in the requirements document
(GDSS-ASP-86-100). This data is also used in modifying the functional flows
to reflect OTV operational tasks for both initial and turnaround processing.
The correlation data example is shown here for clarification on this
particular OTV configuration and will not be repeated in other sections.
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3.1.3 FUNCTIONAL FLOWS (LEVEL 2 AND LEVEL 3). The Shuttle/Centaur functional
flow diagrams are modified based on the correlation data and OTV-specific and
turnaround task data requirements. Functional flows are generated to support
each trade study option. However, only the facility options reveal any
differences, because the level of automation does not add or delete a task,
only the way the task is implemented.
Figure 3-3 presents the Level 2 functional flow diagram of the cargo bay
reusable GBOTV, which is processed using Shuttle/Centaur type facilities. The
flow includes factory processing, initial processing, and turnaround
operations. Factory processing is shown here, because the baseline Shuttle/
Centaur data included some of these functions. The factory processing
functions have been identified and are deleted from the operations analysis.
The initial processing of the vehicle begins by unloading the OTV from the
delivery aircraft (2.1) and ends when the vehicle is launched (4.4).
Turnaround operations include all of the initial processing functions except
2.1, and add functions 5.0 through 8.0 to the flow. During turnaround
operations, the ASE and vehicle will be checked out only to the extent
necessary. The amount of checkout required will be determined by flight data
analysis, and maintenance/reconfiguration performed. An asterisk in front of
the functional number denotes those functions that would be affected by
checkout requirements.
The Level 2 functional flow diagram of the cargo bay reusable GBOTV processed
in an IPF is shown in Figure 3-4. The IPF scenario reduces the number of
moves between facilities which eliminates tasks 2.4, 2.7, 3.6, and 3.7 from
the flow shown in Figure 3-3. There are other differences that will show up
in the timelines and manloading analysis.
3.1.4 MANPOWER ASSESSMENTS AND TIMELINES. Task analysis worksheets for the
cargo bay reusable GBOTV are manipulated to reflect the input data from the
correlation effort and the functional flows. Worksheets are prepared for both
the initial and turnaround ground processing operations for each of the four
facility/automation options. That means eight task analysis worksheets exist
for this vehicle configuration. Table 3-2 gives a worksheet example of one of
the options for turnaround processing. This worksheet, which is typical, goes
down to Level 3 and has 124 working tasks, 286 entries on 9 pages.
The worksheet identifies the OTV task number and lists the corresponding
Shuttle/Centaur task number from that data base to provide adequate
traceability. New OTV tasks register a blank in the Shuttle/Centaur task
number column.
"The worksheet also contains task descriptions, procedures, personnel required,
activity location, discipline of personnel involved (team), task time, and
task manhours. Manhours for optional turnaround tasks are shown in the last
column. These optional tasks are not required if the vehicle returns from a
mission without faults and does not need preventive maintenance or
reconfiguration.
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A comparison of manhour requirements taken from the worksheets is presented in
Table 3-3 to show differences between options for each task. It has been
summarized to Level 2 and gives the manhour requirements for the two extreme
options for both initial and turnaround processing. The total manhours at the
bottom of the table shows a distinct reduction in manhours for the IPF with
full automation for both initial and turnaround operations. This data will be
used in the trade study.
A turnaround timeline for the IPF with full automation is shown in Figure
3-5. The turnaround processing takes I0 weeks to accomplish for a
single-shift operation assuming a 5-day mission. Eight Level 2 timelines were
produced for the cargo bay reusable GBOTV configuration including both initial
and turnaround operations.
The results of going to a double-shift operation are shown in the bottom row
of Table 3-4. The table is a manpower summary for the options, including
initial and turnaround processing manhours, average and peak crew requirements
per shift, the number of shifts required, and the elapsed time for a
double-shift, 5-day workweek. The turnaround manhours are broken down to
three values: minimum, maximum, and nominal. The minimum value does not
include any of the optional turnaround tasks. It is assumed that the vehicle
returns from a mission without faults and does not need preventive maintenance
or reconfiguration. The maximum manhours include all of the optional tasks.
The maximum assumes total testing is required as in the initial processing
operations, the same amount as initial processing. This means that all
subsystems are fully checked and that a full-up terminal countdown with
cryogenic propellant loading is required. The nominal figure is derived from
the reliability estimate which establishes the amount of maintenance required
and reeonfiguration estimates as a result of mission model assessments. The
nominal manhours are estimated to be about 10% of the optional task manhours
added to the minimum manhours.
The peak crew requirements shown all personnel needed to support intense
parallel operations such as launch countdown. The average crew required may
be supplemented by factory people during these parallel operations.
3.1.5 TRADE STUDY. The ground processing data provided inputs to the cargo
bay reusable GBOTV trade study along with the ground rules and assumptions
listed below:
a. Nominal mission model used to calculate operations cost.
b. Baseline life-cycle cost (LCC) of $37B used for GBOTV.
c. Forty-mission life per vehicle.
d. One vehicle per mission.
e. GSE has been included for a single production site and a single
operational site.
f. Test and checkout equipment is assumed to account for 70% of the GSE
costs. Processing equipment accounts for half of test and checkout
equipment.
g. Automated scenarios were assumed to require more complex GSE than
non-automated scenarios.
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h. Pad substructure and umbilical towers assumed available for the
Shuttle/Centaur-Type (Pad 36A) facility options.
i. All costs reported in CY 1986 dollars.
j. Composite rate of $43/hour used for cost recurring operations.
k. No fee is included.
The trade study results are presented in the trade comparison Table 3-5. The
table lists the facility and automation options horizontally and the
evaluation criteria vertically. The criteria consist of processing manhours
for each operation including initial and turnaround operations, total manhours
for 257 missions, manhour cost, number of vehicles and processing bays
required to meet the Revision 8 nominal mission model launch schedule,
facility and support equipment cost, and total vehicle ground processing costs
as the bottom line. The actual number of vehicles required to satisfy the
mission model is seven; however, a spare vehicle is included in the estimate.
The analysis also did not account for multiple vehicle missions; only one
vehicle per mission is an analysis ground rule. The bottom-line results favor
the IPF with a full level of automation. Although only a slim margin exists
between Shuttle/Centaur level of automation and full automation, there are
other factors to support full automation. These include increased safety in
hazardous tasks and increased efficiency and reliability because of reduced
personnel errors and reduced interaction with the equipment.
3.1.6 RECOMMENDATIONS - CARGO BAY PROCESSING. An IPF, fully automated
vehicle, and a double-shift operation are recommended for ground processing a
cargo bay GBOTV for the following reasons:
a. IPF
I.
2.
3.
Reduces transportation and retesting.
Accommodates vehicle more efficiently.
Reduces manhours.
b. Automated checkout
i. Reduces manhours.
2. Reduces potential for manual errors.
3. Increases safety.
c. Double-shift operation
1. Reduced number of vehicles in process.
2. Reduced number of processing bays.
3.1.7 RECOMMENDED TASK DEFINITIONS. The task description sheets (see Table
3-6 as an example) contain data peculiar to each Level 2 task of the OTV
turnaround. The task identification code and descriptor are the same as those
used throughout the study. The purpose and a narrative description of the
task are presented alone with the resource requirements, task duration and
frequency. The resource requirements include the crew size and manhour
requirements for the tasks in addition to the accommodations required to
performu the tasks.
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3.2 GROUND-BASED/EXPENDABLE OTV SHUTTLE/CENTAUR DERIVATIVE
3.2.1 EXPENDABLE GBOTV DEFINITION. Figure 3-6 shows an example of an
expendable OTV. The stage is a derivative of the Shuttle/Centaur with
separated structurally stabilized tanks.
3.2.2 GBOTV - EXPENDABLE PROCESSING REQUIREMENTS. The GBOTV - expendable
processing requirements were obtained in the same manner as the cargo bay
GBOTV requirements. In fact, the requirements for the launch phase are the
same as for the cargo bay launch phase (see Section 3.1.2) except for a few
minor requirements that deal with a reusable stage (such as an aerobrake) that
are not needed.
3.2.3 FUNCTIONAL FLOWS. The expendable GBOTV functional flows for the
different facilities were generated in the same manner as the GBOTV. Again,
the launch phase is the same as the cargo bay GBOTV launch phase (see Section
3.1.3), except for a few minor differences that deal with a reusable stage
(such as an aerobrake) that are not needed.
3.2.4 MANPOWER/TIMELINES. As stated in the previous two sections, processing
the expendable GBOTV is practically identical to the launch phase of the cargo
bay GBOTV. The manpower and timelines are essentially the same (see Section
3.1.4).
3.2.5 TRADE STUDY. As stated previously, for the expendable OTV we only
generated trade study data for two of the facility/processing combinations.
Table 3-7 compares the facility and vehicle options for processing the
expendable GBOTV. The options are evaluated with the criteria listed in the
left vertical column. The comparison resulted in a lower operations cost for
an IPF, combined with a fully automated vehicle, which is the recommended
option.
3.2.6 RECOMMENDATIONS. An IPF, a fully automated vehicle, and a double-shift
operation are recommended for ground processing an expendable OTV for the
following reasons:
ao IPF
i.
2.
3.
Reduces transportation and retesting.
Accommodates vehicle more efficiently.
Reduces manhours.
b. Automated checkout
I. Reduces manhours.
2. Reduces potential for manual errors.
3. Increases safety.
c. Double-shift operation
I. Reduced number of vehicles in process.
2. Reduced number of processing bays.
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3.3 GROUND-BASED ACC OTV
3.3.1 ACC GBOTV DEFINITION. The ACC-launched OTV is shown in Figure 3-7.
This concept was developed by Martin Marietta during the Phase A definition,
studies. The OTV is attached to the aft end of the external tank. A
deployable aerobrake is used for an aeco-assist device.
3.3.2 ACC GBOTV PROCESSING REQUIREMENTS. The processing requirements were
obtained in the same manner as the cargo bay GBOTV (see Section 3.1.2). The
fact that the OTV attaches to the aft end of the external tank instead of
being placed in the cargo bay was included in the requirements.
3.3.3 FUNCTIONAL FLOWS. Figure 3-8 is a Level 2 functional flow diagram of
the ACC reusable GBOTV, which is processed using Shuttle/Centaur-type
facilities. The flow included factory processing, initial processing, and
turnaround operations. Factory processing is shown here, because the baseline
Shuttle/Centaur data included some of these functions. The factory processing
functions have been identified and are deleted from the operations analysis.
The initial processing of the vehicle begins by unloading the OTV from the
delivery aircraft (2.1) and ends when the vehicle is launched (4.4).
Turnaround operations include all of the initial processing functions except
2.1 and add functions 5.0 through 8.0 to the flow. During turnaround
operations, the ASE and vehicle will be checked out only to the extent
necessary. The amount of checkout required will be determined by flight data
analysis, and maintenance/reconfiguration performed. An asterisk in front of
the functional number denotes those functions that would be affected by
checkout requirements. Similar flows were generated for the integrated
facility.
3.3.4 MANPOWER ASSESSNENT/TIMELINE. Timelines and manpower requirements were
generated for the ACC OTV processing in a similar manner as the ones loft the
cargo bay OTV (see Section 3.1.4). Table 3-8 is a summary of the manpower
requirements at the two indicated facilities for initial processing and
turnaround. As can be seen, there is a considerable difference in manpower
for the different approaches.
3.3.5 TRADES. Table 3-9 compares the facility and vehicle options for
processing the ACC reusable GBOTV. The options are evaluated with the
criteria listed in the left vertical column. The comparison resulted in a
lower operations cost for an IPF, combined with a fully automated vehicle,
which is the recommended option.
Table 3-10 shows the comparison of the manpower requirements to process a
cargo bay OTV and an ACC OTV.
3.3.6 RECOMMENDATIONS. An IPF, a fully automated vehicle, and a double-shift
operation are recommended for processing an ACC OTV for the following reasons:
a. IPF
i.
2.
3.
08540
Reduces transportation and retesting.
Accommodates vehicle more efficiently.
Reduces manhours.
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b. Automated checkout
i. Reduces manhours.
2. Reduces potential for manual errors.
3. Increases safety.
c. Double-shift operation
i. Reduced number of vehicles in process.
2. Reduced number of processing bays.
The integrated facility simplifies the operation with an improved facility and
reduced number of transport tasks. The two-shift operation allows an
acceptable number of vehicles (in process) and processing bays required to
meet the Rev. 8 nominal mission model.
3.4 SBOTV
3.4.1 SBOTV REFERENCED CONFIGURATION (SYNTHESIZED VERSION). Figure 3-9 shows
the SBOTV concept which is being used for this study. This is a synthesized
version. It is launched dry in the cargo bay and assembled and operated in
low earth orbit (LEO) at the Space Station.
3.4.2 SBOTV PROCESSING REQUIREMENTS. The processing requirements were
obtained in the same manner as the cargo bay GBOTV (see Section 3.1.2). The
fact that the SBOTV must be disassembled and launched in two Shuttle flights
was taken into account.
3.4.3 FUNCTIONAL FLOWS. Figure 3-10 is a Level 2 functional flow diagram of
the SBOTV, which is processed using Shuttle/Centaur-type facilities. The flow
includes factory processing and initial processing. Factory processing is
shown here, because the baseline Shuttle/Centaur data included some of these
functions. The factory processing functions have been identified and are
deleted from the operations analysis.
The initial processing of the vehicle begins by unloading when the vehicle is
launched (2.1) and ends when the vehicle is launched (4.4).
This ground processing for a new complete vehicle is expected to occur about
eight times between 1994 and 2010 according to the Revision 8 nominal mission
model.
Figure 3-11 a Level 2 functional flow diagram of the SBOTV, which is processed
using IPF. The flow includes factory processing and initial processing.
Factory processing is shown here, because the baseline Shuttle/Centaur data
included some of these functions. The factory processing functions have been
identified and are deleted from the operations analysis.
The initial processin_ of the vehicle begins by unloading the OTV from the
delivery aircraft (2.1) and ends when the vehicle is launched (4.4).
This ground processing for a new complete vehicle is expected to Occur about
eight times between 1994 and 2010 according to the Revision 8 nominal mission
model.
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3.4.4 MANPOWER ASSESSMENT/TIMELINES. This SBOTV timeline (Level 2) shown in
Figure 3-12 reflects the ground processing time required to initially deliver
the vehicle to its space-based accommodations. The vehicle is processed in
facilities that are similar to those used by the Shuttle/Centaur. The
timeline shows a single-shift operation and the elapsed time is II weeks and 1
day. Manpower requirements were generated in the same manner as previously
discovered. Manpower requirements are shown in Table 3-11 for the two extreme
options for facilities and tasks.
3.4.5 SBOTV GROUND OPERATIONS TRADE STUDY. Table 3-12 compares the facility
and vehicle options for processing the SBOTV. The options ace evaluated with
the criteria listed in the left vertical column. The comparison resulted in a
lower operations cost for a Shuttle/Centaur-type facility, which is the
recommended option. The SBOTV is ground processed and launched only once
every 40 missions. Therefore, this may be a shared facility.
The task description sheets contain data peculiar to each Level 2 task of the
OTV turnaround. The task identification code and descriptor are the same as
those used throughout the study. The purpose and a narrative description of
the task are presented along with resource requirements, task duration and
frequency. The resource requirements include the crew size and manhour
requirements for the tasks in addition to the accommodations required to
perforln the tasks.
3.4.6 SBOTV GROUND PROCESSING RECOMMENDATIONS. Since the SBOTV is processed
on the ground only once every 40 missions, the vehicle can be processed in a
shared facility and at a more leisurely pace of a single-shift operation for
the following reasons:
a. Interfaces/support equipment similar to Space Station.
b. Shared facility adequate for number of launches.
1. Every 40 missions.
c. Candidate facilities.
1. Launch Complex 36A.
2. Cargo hazardous servicing facility.
d. Common control facility for both ground and space processing.
The facility can resemble the Shuttle/Centaur-type facility, although using a
hazardous-cargo servicing facility would be a welcome improvement. The
facility should simulate interfaces and support equipment similar to the
Shuttle and the Space Station.
The new cargo hazardous processing facility shown in Figure 3-13 could be used
as the SBOTV processing facility. This facility would allow processing in one
location. The facility would accommodate the operational tasks of receiving
inspection, cleaning, assembly, testing, maintenance and modifications, and
storage. The facility would also provide cryo and reaction control system
(RCS) loading capabilities.
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3.4.7 RECOMMENDED TASK DEFINITIONS. The task description sheets (see Table
3-13 as an example) contain data peculiar to each Level 2 task of the OTV
turnaround. The task identification code and descriptor are the same as those
used throughout the study. The purpose and a narrative description of the
task are presented along with the resource requirements, task duration and
frequency. The resource requirements include the crew size and manhour
requirements for the tasks in addition to the accommodations required to
perform the tasks.
3.5 UCV OTV
3.5.1 UCV OTV: MARTIN. The OTV concept that will be used for the follow-on
task was developed by Martin and is shown in Figure 3-14.
The three-engine OTV design concept was developed for launch and return in a
25-foot-diameter large cargo vehicle (LCV). The tankage diameters were chosen
such that the combined length of the liquid oxygen tanks and the retracted
engines would be the same length as the liquid hydrogen tanks. This results
in the shortest vehicle length to minimize launch costs per the charging
algorithm. The short length allows use of a 32-foot-diameter aerobrake. The
structure consists of a central core between the tanks that ties the tankage,
aerobrake, and payload adapter together. This assembly remains as a unit
after the mission when the aerobrake is jettisoned. If the LCV does not have
the capability to return the OTV to earth after the mission, the OTV will be
disassembled for return in the STS payload bay. The high-volume, low-cost
cryogenic tanks are removed and the structural core is returned to earth with
the high costs unit items such as main engines, power system, avionics, RCS,
etc.
3.5.2 UCV OTV PROCESSING REQUIREMENTS. The processing requirements were
obtained in the same manner as the cargo bay GBOTV (see Section 3.1.2) except
that the UCV OTV does not go on the Shuttle but on an UCV.
Table 3-14 is an example of how we surveyed the ShuttlelCentaur processing
tasks to see if they are applicable for the OTV. A "Y'" in the "GBOTV Use Y/N'"
column designates applicability for OTV. Each task that is applicable to UCV
OTV ground processing is incorporated into the analyses and adequately
referenced to provide traceability back to the original Shuttle/Centaur data
base. Table 3-15 lists the top-level requirements for the UCV turnaround
operations.
3.5.3 FUNCTIONAL FLOWS. Figure 3-15 is a Level 2 functional flow diagram of
the UCV GBOTV, which is processed using ShuttlelCentaur-type facilities. The
flow includes factory processing, initial processing, and turnaround
operations. Factory processing is shown here, because the baseline Shuttlel
Centaur data included some of these functions. The factory processing
functions have been identified and are deleted from OTV operations analyses.
The initial processing of the vehicle begins by unloading the OTV from the
delivery aircraft (2.1) and ends when the vehicle is launched (4.4).
Turnaround operations include all of the initial processing functions except
2.1, and adds functions 5.0 through 8.0 to the flow. During turnaround
operations, the ASE and vehicle will be checked out only to the extent
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necessary. The amount of checkout required will be determined by flight data
analysis, and maintenance/reconfiguration performed. An asterisk in front of
the functional number denotes those functions that would be affected by
checkout requirements.
Figure 3-16 is a Level 2 functional flow diagram of the UCV GBOTV, which is
processed using an IPF. The flow includes factory processing, initial
processing, and turnaround operations. Factory processing is shown here,
because the baseline Shuttle/Centaur data included some of these functions.
The factory processing functions have been identified and are deleted from OTV
operations analyses.
The initial processing of the vehicle begins by unloading the OTV from the
delivery aircraft (2.1) and ends when the vehicle is launched (4.4).
Turnaround operations include all of the initial processing functions except
2.1, and adds functions 5.0 through 8.0 to the flow. During turnaround
operations, the ASE and vehicle will be checked out only to the extent
necessary. The amount of checkout required will hedetermined by flight data
analysis, and maintenance/reconfiguration performed. An asterisk in front of
the functional number denotes those functions that would be affected by
checkout requirements.
3.5.4 MANPOWER ASSESSMENT/TIMELINES. Timelines and manpower requirements for
the UCV OTV were generated in a similar manner as the cargo bay OTV (see
Section 3.1.4).
Table 3-16 is a sample of a task analysis worksheet. The task analysis
worksheet for ground processing contains the basic data acquired from the
Shuttle/Centaur program as well as new tasks identified as appropriate for OTV
processing. The worksheet identifies the OTV task number and lists the
corresponding Shuttle/Centaur task number from that data base to provide
adequate traceability. New OTV tasks register a blank in the Shuttle/Centaur
tasks number column. The tasks reflect the ground processing activities down
to Level 3.
Figure 3-17 is a Level 2 timeline for the UCV GBOTV initial processing within
a Shuttle/Centaur-type facility and Shuttle/Centaur level of vehicle
automation, showing that it takes 13 weeks and 3 days for a single-shift
operation. Increasing to a double-shift, 5-day work week, which is what was
used for facility sizing and overall analysis, reduces this figure to 6 weeks,
and 4 days for initial processing.
The Level 2 turnaround time shown on Figure 3-18 for the UCV GBOTV using a
Shuttle/Centaur-type facility and Shuttle Centaur level of vehicle
automation. The timeline is based on a single-shift operation. The elapsed
time can be reduced by going to a double-shift, 5-day work week, which was
used for facility sizing and overall analysis. The elapsed time for the
double shift and a minimum turnaround is 6 weeks, 2 days. A 5-day mission was
assumed in our analyses.
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Figure 3-19 is a Level 2 timeline for the UCV GBOTV initial processing within
an IPF and full vehicle automation, showing that it takes 9 weeks and 6 days
for a single-shift operation. Increasing to a double-shift, 5-day work week,
which is what is what was used for facility sizing and overall analysis
reduces this figure to 4 weeks and 6 days for initial processing.
The Level 2 turnaround time shown in Figure 3-20 is for the UCV GBOTV using an
IPF and full vehicle automation. The timeline is based on a single-shift
operation. The elapsed time can be reduced by going to a double-shift 5-day
work week, which was used for facility sizing and overall analysis. The
elapsed time for the double-shift and a minimum turnaround is 5 weeks and 1
day. A 5-day mission was assumed in our analyses.
Table 3-17 shows a summary of manhours required to process an UCV OTV. It
presents the two extreme options: I) Shuttle/Centaur-type facility with
Shuttle/Centaur level of automation and 2) the IPF with full vehicle
automation, for both initial processin_ and turnaround processing.
Only Level 2 tasks are presented in this summary to clearly shown which tasks
are needed for each option and how many manhours are expended. An overall
total is provided at the bottom of the chart, which allows comparison of each
option. The manhours for turnaround are minimum values plus 120 manhours for
the maintenance, servicing, and reconfiguration functions.
Table 3-18 is a manpower summary for the options, including initial and
turnaround processing manhours, average and peak crew requirements per shift,
the number of shifts required, and the elapsed time for a double-shift 5 day
work week. The turnaround manhours are broken down to three values: minimum,
maximum, and nominal. The minimum value does not include any of the optional
turnaround tasks. It is assumed that the vehicle returns from a mission
without faults and does not need preventive maintenance or reconfiguration.
The maximum manhours includes all of the optional tasks. It assumes total
testing is required as in the initial processing operations. The same amount
as initial processing. This means that all subsystems are fully checked and
that a full-up terminal countdown with cryogenic propellant loading is
required. The nominal figure is derived from the reliability estimate which
established the amount of maintenance required and reconfiguration estimates
as a result of mission model assessments. The nominal manhours are estimated
to be about 10% of the optional task manhours added to the minimum manhours.
The peak crew requirements show all personnel needed to support intense
parallel operations such as launch countdown. The average crew required may
be supplemented by factory people during these parallel operations.
3.5.5 TRADES. Table 3-19 compares the facility and vehicle options for
processing the UCV GBOTV. The options are evaluated with the criteria listed
in the left vertical column. The comparison resulted in a lower operations
cost for an IPF combined with a fully automated vehicle, which is the
recommended option.
Table 3-20 shows the comparison of the manpower requirements for the
recommended approach for the cargo bay OTV and the UCV OTV and where the
differences are.
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3.5.6 RECOMMENDATIONS.
OTV ground process:
a. IPF
b.
C.
The following is the recommended approach for the UCV
I. Reduces transportation and retesting.
2. Accommodates vehicle more efficiently.
3. Reduces manhours.
Automated checkout
i. Reduces manhours.
2. Reduces potential for manual errors.
3. Increases safety.
Double-shift operation
i. Reduced number of vehicles in process.
2. Reduced number of processing bays.
3.5.7 RECOMMENDED TASK DEFINITIONS. The task description sheets (see Table
3-21 as an example) contain data peculiar to each Level 2 task of the OTV
turnaround. The task identification code and descriptor are the same as those
used throughout the study. The purpose and a narrative description of the
task are presented along with the resource requirements, task duration and
frequency. The resource requirements include the crew size and manhour
requirements for the tasks in addition to the accommodations required to
perform the tasks. A complete set of the task description sheets has been
given to the MSFC COR Donald Saxton.
Table 3-22 summarizes the data for the five OTV concepts and the Shuttle
Centaur for ground operations. The costs to process the three reusable and
expendable GBOTVs are very similar. The SBOTV is much less because it only
occurs 8 times on the ground compared to the others which occurs 257 times to
meet the mission model.
3.6 GROUND PROCESSING SUMMARY/CONCLUSIONS
The conclusions for the ground-processing analysis that has been performed are
as follows:
a. Ground processing of cargo bay GBOTVs nearly identical to Shuttle/Centaur.
b. Ground processing of UCV GBOTVs similar to Atlas/Centaur and
Shuttle/Centaur.
c. Recommend IPF for GBOTVs.
d. Automated ground processing operations where possible.
e. GBOTV initial launch 6 weeks - 9200 manhours.
f. Nominal turnaround GBOTV 5 weeks + mission - 7800 manhours
g. UCV OTV initial launch 5 weeks - 6500 manhours.
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h. UCV OTV nominal turnaround 5 weeks + mission - 6200 manhours.
i. Ground processing of SBOTV relatively simple
i. Simple ASE.
2. No Orbiter cryo integration.
3. No payload integration.
j. Recommend shared ground processing facility for SBOTV.
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SECTION 4
SPACE OPERATIONS ANALYSIS/TRADE STUDIES/RECOMMENDED TASKS
This section covers the operations of an SBOTV at the Space Station. First,
the requirements for space processing will be presented including the ones for
the tasks and the maintenance facility and support equipment. In addition,
the space operation hazard analysis will be discussed which imposes
requirements on both the operations and the design of the SBOTV and the
maintenance accommodations at the Space Station. The functional flow of the
space-based tasks will be identified. The operations trade studies will then
be discussed including proximity operations, payload integration, launch, and
servicing maintenance. Manpower requirements for the three alternative
methods of accomplishing the turnaround operations will be presented in the
trade study comparison charts along with attendent design, operations, and
cost factors. The recommended space operations approaches with the timelines
and manpower will be identified along with the selection rationale.
A comparison of ground-based and space-based processing tasks and equivalent
manhours will be presented to help understand where the true differences lie.
Next, the definition of the recommended space operation tasks will be
presented along with the identification of the required accommodations support
equipment. The support equipment maintenance requirements will be discussed.
Finally, conclusions from the space operations analysis will be presented
which essentially say that an SBOTV can be based at the Space Station and
turned around in a safe and cost-effective manner.
4.1 SBOTV PROCESSING REQUIREMENTS.
In the first part of the study, the turnaround task requirements were
generated (see Table 4-1). Shown are the task requirements and a reference to
the Shuttle Centaur ground-processing tasks were applicable for traceability.
Included is the requirements for the initial delivery of the OTV and for the
turnaround operations. From the OTV definition studies, the assumption is
made that the SBOTV is good for 40 missions before being replaced
4.2 SBOTV MAINTENANCE FACILITY/SUPPORT EQUIPMENT
The major elements to maintain/service the OTV at the Space Station include
the maintenance, propellant storage, control station and maintenance area
(pressurized module), and storage facility, hangar, tools, spares storage.
The element requirements are as follows:
a. Maintenance and storage facility
i. Main truss support structure.
2. OTV internal hangar berthing fixture (rotary).
3. Electrical interconnects between internal berthing interface, OTV
control equipment and power source.
OTV external berthing fixture.
4-1
.
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REQUIREMENTS SHUTTLE CENTAUR
TASKS(REF)
1.0 DELIVER STY SYSTEM TO LAUNCH SITE
2.0 PERFORM LAUNCH SITE PROCESSING
3.0 TRANSFER OTV TO SPACE STATION
3.1 LAUNCH STS
3.2 RENDEZVOUS ORBITER TO STATION PROXIMITY
3.3 OPEN CARGO BAY DOORS
3.4 MANEUVER ORBITER TO STATION
3.5 DOCK ORBITER TO STATION
4.0 PERFORM INITIAL DELIVERY AND ASSEMBLY
4.1 OFF-LOAD OTV FROM ORBITER
4.2 ASSEMBLE OTV COMPONENTS
4.2.1 ATTACH OTV COMPONENTS
4.2.2 ASSEMBLE AEROBRAKE COMPONENTS
4.2.3 DEPLOY AND ATTACH AEROBRAKE TO STY
4.3 PERFORM INITIAL OTV TESTING
4.3.1 CHECKOUT ELECTRICAL SYSTEM
4.3.1.1 ACTIVATE ELECTRICAL SYSTEM
4.3.1.2 POWER GENERATION SYSTEM
4.3.1.3 AVIONIC SUBSYSTEMS
4.3.1.4 ENGINE
4.3.1.5 RF SYSTEM
4.3.1.b TELEMETRY SYSTEM
4.3.1.7 OTV TO CONTROL STATIONS
4.3.2 CHECKOUT AEROBRAKE SYSTEM
4.3.3 CHECKOUT PRESSURE SYSTEM
4.3.3.1 PNEUMATIC SYSTEM PREPS (1.4.7)
4.3.3.2 PNEUMATIC SYSTEM FUNCTIONAL OPERATION (2.4.6 & 1.4.9)
(I.I, 1.4.2 L 3.5.1)
(3.5.3)
(2.4.38)
(2.4.3, 2.4.40 & 2.9)
(2.4.54)
(2.4.27)
(2.4.31 & 2.4.33)
(4.3.2)
4.3.4 CHECKOUT RCS SYSTEM
4.3.4.1 RCS PRESSURE
4.3.4.2 RCS SYSTEM LEAK & FUNCTIONAL
4.3.5 CHECKOUT PROPULSION/FLUID SYSTEM
4.3.5.1 SYSTEM READINESS
4.3.5.2 LEAK CHECKS
4.3.6 PERFORM TERMINAL COUNTDOWN DEMONSTRATION
5.0 PREPARE FOR MISSION (TURNAROUND ENTRY POINT)
5.1 CONFIGURE OTV FOR MISSION
5.1.1 PAYLOAD DEPENDENT KITS
5.1.2 ADDITIONAL TANKS OR STAGES
5.1.3 SOFTWARE
5.2 MATE OTV AND PAYLOAD
5.2.1 TRANSFER OTV TO EXTERNAL BERTHING
FIXTURE(EBF)
5.2.2 BERTH OTV AT EBF
5.2.3 VERIFY QTV SYSTEM OPERATIONAL
(1.4.1)
(2.4.12)
(2.5)
(2.4.17, 2.8.1, 2.8.4
k 2.9)
(2.4.10, 2.4.19, & 2.4.47)
(2.5)
(3.2)
(2.2.14 & 2.12))
(2.2.1 _-, 2.3, 2.4.34,
3.1, 3.1.1, 3.2.2
& 3.5.1)
(3.5.3)
5.2.4 TRANSLATE PAYLOAD TO OTV
5.2.5 MATE OTV & PAYLOAD
5.3 PERFORM PRELAUNCH CHECKS
5.3.1 POWER GENERATION SYSTEM
5.3.2 AVIONIC SYSTEM
5.3.3 RF SYSTEM
5.3.4 TELEMETRY SYSTEM
5.3.5 DTV TO CONTROL STATIONS
5.4 TRANSFER PROPELLANTS TO OTV
5.4.1 CHILLDOWN OTV SYSTEM
5.4.2 PERFORM LEAK CHECKS
5.4.3 TRANSFER PROPELLANTS
(3.4 & 3.5)
(2.4.38)
(2.4.3 _, 2.4.40)
(2.4.47)
(2.4.31 I, 2.4.33h
(4.3.2)
(2.4.10)
Table 4-1. SBOTV Turnaround Operations
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REQU I REMENTB BItUTTLE CENTAUR
TASKS(REF)
6.0 DEPLOY ON NISBION
b.l SEPARATE OTV/PL FR[]_I STATION
6.2 MANEUVER OTV/PL TO IGNITION COORDINATES
b.3 INITIATE FLIGHT OPERATIONS
7.0 PERFORM MISSION
S.O RETURN TO STATION
8.! RENDEZVOUS DTV TO STATION PROXIMITY
S.2 ASSURE OTV I8 SAFE FOR STATION APPROACH
8.3 MANEUVER OTV TO STATION
8.4 CAPTURE QTV
B.5 BERTH GTV
(4.9)
9.0 PERFORM MAINTENANCE AND SERVICING
9.1 TRANSFER RESIDUAL PROPELLANTS TO STATION
9.1.1 ENGAGE FLUID AND ELECTRICAL LINES
9.1.2 PERFORM LEAK CHECK
9.1.3 CHILLDQWN TRANSFER LINES
9.1.4 TRANSFER PROPELLANTS FROM OTV TO STATION
9.1.5 PURGE AND SAFE PROPELLANT DEPOT
9. l.b DISENGAGE FLUID AND ELECTRICAL INTERFACE
9.2 SECURE OTV IN HANGAR
9.2.1 RELEASE QTV FRO/1EBF
9.2.2 TRANSLATE OTV INTO HANGAR (2.12)
9.2.3 POSITION OTV AT H/_dqGAR BERTHING FIXTURE (3.2.2 k 3.5.1)
9.2.4 ENGAGE HANGAR BERTHING MECHANISM AND LATCH (3.2.2 & 3.5.1)
9.2.5 RELEASE RMS AND STOW
9.3 ASSESS OTV OPERATIONAL STATUS
9.3.1 PERFORM VISUAL INSPECTION OF OTV L
9.3.2 PERFORM FLIGHT DATA ANALYSIS (2. S.5)
(IF NO FAULT PROCEED WITH 9.4)
9.3.3 VERIFY ELECTRICAL FAILURE AND FAULT ISOLATE
(1.4,9)
(2.2.16, 2.4.34, 2.3_
3.1, 3.1.1 & 3.2.2)
(2.2.10)
(2.4.10)
9.4 PLAN OTV ICqINTENANCE ACTIVITIES
9.4.1 SCHEDULED ICqINT_
9.4.1.1 NORMAL SERVICING
9.4.1.2 PREVENTIVE MAINTENANCE
9.4.2 UNSCHEDULED ICAINTE_E
9.5 PERFGRII OTV MAINTENANCE
9.5.1 PERFORM NORMAL. SERVICING
9.5.1.L REMOVE HATER FRDH FUEL CELL
9,5.1.2 REPLENISH RCS PROPELLANT
?.5.2 PERFORH PREVENTIVE MAINTENANCE
9.5.2.1 REMOVE AND REPLACE ENGINES
9.5.2.2 REMOVE AND REPLACE AEROSRAKE TPB
9.5.3 PERFORM UNSCHEDULED MAINTENANCE
9.5.3.1 REMOVE AND REPLACE AVIONICS
9.5.3.2 REMOVE AND REPLACE FUEL CELL
9._.3.3 RE/'K]VE AND REPLACE ENGINE
9.5.3.4 REMOVE AND REPLACE AEROBRAKE TPB
9.5.3.5 REMOVE AND REPLACE AEROBRAKE
9.5.3.6 REMOVE AND REPLACE RCG SYSTEM
9.5.4 PERFORM SYSTEMS OPERATIONAL TEST
9.6 PLACE OTV IN STORAGE CI]qDITION
9.7
(2.4.12 & 2.6.2)
(2.4.19 & 2.4.54)
(2.4.3 & 2.4.40))
(2.4.39)
(2.4.19 k 2.4.54)
(1.4.9 t 2.4.3, 2.4.27,
2.4.31, 2.4.33, 2.4.38,
2.4.40, 2.4.54 & 3.5.3)
REMOVE OTV FROM STORAGE (GO TO 5.0 PREPARE FOR MISSION)
Table 4-1. SBOTV Turnaround Operations, Contd
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5. Fluid lines from external berthing quick disconnect panel to
propellant storage/transfer control interface.
6. Support structures for hangar and equipment.
7. TV, communications, and propellant leak detection installation.
8. RMS installation including rails, local TV, lights, and tool adapter.
9. Electrical interconnects from RMS to facility control equipment.
i0. Tools and spares storage provisions.
II. EVA foot constraints/handholds/control panel.
b. Hangar
1. Hangar protective cover support structure.
2. Protective covering (Micrometeoroid and space debris).
3. Lighting and TV installation.
4. Lightweight screen for hangar opening.
5. Possible antenna installations.
c. Tools
I. EVA/RMS maintenance tools.
2. RMS astronaut work station.
d. Spares storage
1. Holding fixtures for tank.
2. Holding fixtures for avionics ORUs, ACS module, engines and aerobrake.
3. Holding fixtures for EVA/RMS maintenance tools.
4. Holding fixtures for OTV payload and manned GEO crew module.
e. Propellant storage
f.
i. Main support structure.
2. Hydrogen storage tank.
3. Oxygen storage tank.
4. Propellant acquisition, conditioning, and gauging.
5. Fluid lines from tanks to control interface.
6. Refrigeration unit and plumbing or boil-off module.
7. Electrical interface between control unit, refrigeration unit, or
boil-off and power.
Protective covering (micrometeoroid and space debris)
,
9. Heat rejection.
Control station and maintenance area (pressurized module)
I. Rendezvous, docking, and berthing control.
2. OTV direct control through berthing fixtures.
3. Hangar equipment control.
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4. Propellant facility control.
5. Airlock for EVA operations
6. Communications and data links
7. Tools, maintenance, checkout equipment, and maintenance area.
From the above requirements, GDSS has synthesized a maintenance and servicing
facility with support equipment as a baseline to conduct the space operations
analysis and trade studies. Figure 4-1 shows a potential concept of an SBOTV
and its hangar at the bottom of the Space Station.
Figure 4-2 shows a layout of the OTV accommodations. The hangar is located at
the bottom of the dual-keel Space Station with the bottom open. This location
was chosen as the best for operational factors.
The hangar is configured for storage and maintenance of up to two OTVs, OTV
outrigger tanks, an OMV, and OTV payload.
Two mobile remote manipulator systems (HRMS) are required to service the
vehicles. The NRMs operate on the same or opposite sides of the hangar.
Tools and spare parts are brought to the MRNs on a mobile storage rack to
eliminate excessive MRMS movement.
The vehicle berthing interfaces in the hangar are rotary berthing rings, which
hold the vehicles at the payload interfaces. The rotary device orients the
vehicle to aid in maintenance activities. The device incorporates interfaces
for electrical power, propellant tank pressurization, control and data lines.
Fluid interfaces are not required here.
The berthing interface outside of the hangar provides for payload integration
and both fluid and electrical interfaces to the OTV. The fluid interconnects
allow for propellant transfer to and from the OTV and eliminate the
possibility of contamination of the hangar in event of a propellant leak.
4.3 SPACE OPERATIONS HAZARD ANALYSIS
GDSS performed a preliminary hazard analysis to identify potential hazards to
accommodate/service/maintain an SBOTV in space. In addition, we identified
recommended solutions to avoid the hazards.
Table 4-2 presents examples of some of the potential hazards which can occur
when handling and storing liquid propellants (LH 2 and L02). For each
hazard, several potential solutions to avoid the hazard are presented. This
data and data on the following figures wa_ considered in our analysis of the
turnaround tasks and was also considered in the OTV and Space Station design
tasks which are presented later in the report.
This table is typical of the hazards which would be encountered in maintaining
the OTV and solutions to these hazards.
It lists the potential hazards and their solutions for normal EVA operation
and contingency EVA operations.
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The following summarizes the hazard analysis that has been performed and
indicates that the recommendations to avoid the hazards have been considered
in the turnaround task analysis and will be incot'porated into the work in task
5 and 6.
The preliminary hazard analysis summary did the following:
a. Identified potential hazards accommodating/servicing/maintaining an
SBOTV in space.
b. Identified recommended solutions to avoid the hazards.
c. These recommendations have been considered in our definition of the
turnaround operations analysis and will be incot-porated into the
definition of OTV design and interface requirements in Task 5 and the
space station design, support and interface requirements in Task 6.
The conclusion is that an SBOTV can be safely maintained/serviced in space
using mostly teleoperations and EVA as a contingency operation.
4.4 FUNCTIONAL FLOW
Figure 4-3 shows the top-level functional flow for the SBOTV. It includes the
ground processing flow which has been discussed previously and the initial
delivery to orbit which is included in the space operations analysis. It also
includes the turnaround at the Space Station and the OTV mission. Turnaround
at the Space Station is the only one of these functions we analyzed for this
study.
Lower level functional flows were developed for OTV initial delivery and
assembly and maintenance and servicing. These were used to generate the data
for the trade studies which are discussed next.
4.5 SPACE OPERATIONS TRADE STUDIES
The section presents the operations trade studies that were performed.
Our approach in this study to the SBOTV turnaround operations analysis was as
follows:
a. Previous space operations tasks used Atlas/Centaur processing as a data
base
b. The study has updated the previous space operations tasks using the:
1. Shuttle/Centaur processing requirements/operations data base.
2. OTV ground processing requirements/operations tasks.
c. Ground processing tasks converted to space processing
1. Deleted tasks not required (moving from one facility to another, etc.)
2. Used backup personnel on the ground (quality assurance,
troubleshooting, etc.)
3. Etc.
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In our past studies, we used Atlas/Centaur processing as a data base. For
this study we have updated our previous space operations analysis by
considering the Shuttle/Centaur processing requirements/operations and the OTV
ground-processing requirements/operations analysis that were presented in
previous sections.
In addition, in converting ground-processing tasks to space processing we took
the approach shown on the figure among other activities.
An OTV maintenance philosophy encompassing Space'Station operations was
developed to help us focus on the essential elements of maintenance support
requirements. The maintenance philosophy is based on the three levels of
maintenance as follows:
a. Three-level maintenance: Based on level-of-repair analyses
i. Level i: OTV local maintenance
2. Level 2: Space Station maintenance of replaceable units
3. Level 3: Return-to-earth maintenance
b. Stock spare parts based on reliability, criticality, and cost: Station
storage versus shuttle delivery.
c. Stress modular construction for replacement capability
d. Provide operational flight instrumentation and bulit-in test: Fault
isolate to replaceable unit
e. Minimize EVA vehicle maintenance operations
i. Consider safety in hazardous situations.
2. Trade-off EVA versus support equipment.
TV inspection
Removal and replacement via teleoperations
Level I maintenance consists of the scheduled and unscheduled activities that
occur on the vehicle while it is berthed in the Space Station maintenance
hangar.
Level II maintenance encompasses the off-vehicle repair of replaceable OTV
components conducted at the Space Station. The OTV replaceable units will be
dispositioned for return to Earth or repaired at the station to the extent
possible within the test equipment, spaces availability, and economic
constraints.
Level III maintenance will involve normal Earth-oriented disposition for
repair. An extensive analysis will ultimately provide the necessary repair or
discard decision criteria.
Although three levels of maintenance were defined to understand the
interrelationship of activities, the scope of the contract for this study
requires that we look only at Level I maintenance activities at the Space
Station.
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The maintenance philosophy also stresses important maintainability features
that an SBOTV must have, and these features affect the operations analysis
with respect to task definitions and the time it takes to do them. These
maintainability features have been incorporated into our conceptual designs of
the SBOTV and Space Station, which include the modular concept for simple
replacement of components. The modular configuration concept requires
quick-disconnect interfaces and adequate built-in test capability to allow
fault isolation to the replaceable unit.
Figure 4-4 summerizes the major turnaround functions. Each of these will be
addressed in the following sections.
4.5.1 RENDEZVOUS AND PROXIMITY OPERATIONS. OTV will be capable of three
retrieval methods as shown in Table 4-3. These methods are shown in more
detail on following figures.
The OTV autonomous method uses the most OTV propellant which is the most
expensive propellant because it has to be carried to GEO and back. This
method also raises safety questions (unless astronaut surveillance and manual
override is used) because an unmanned vehicle will be autonomously maneuvering
in the vicinity of the manned space station. The advantages to this method
are that it is operationally simple and requires only one interface, OTV to
space station.
The" OMV-assist method raises many questions. Is OMV capable of maneuvering an
OTV? If not, what is the mechanical and electrical nature of the interface?
Are OMVs antennas blocked by the aerobrake? These questions will be
complicated when OTV returns with a payload or manned module. When OMV
returns with OTV, two MRMSs and the OMV and OTV hangers will be in parallel
operation. The advantages to this method are that only one spacecraft needs
the rendezvous "smarts" and OMV retrieval operations should be routine be
routine by the time OTV flies.
The tethered assist method is the farthest from implementation, but offers
some unique advantages. This method uses the least propellant and would
create very little, if any, plume impingement on the station. The 200 pounds
of propellant required for station reboost could be eliminated by deboosting a
Shuttle ET. A major disadvantage is that Space Station accelerations will be
greater than 10-5E until OTV is within 2 to 3 km.
This retrieval technique shown in Figure 4-5 involves only the OTV and space
station and relies heavily on the global positioning system (GPS) for relative
navigation.
OTVs precision navigation system (required for aeromaneuvering) will allow it
to autonomously inject itself into an orbit 22 km behind the Space Station.
OTV then uses GPS information from its onboard receiver (already baselined for
navigation system use) and the Space Station's receiver (already baselined) to
maneuver closer to Space Station. Activities on the Space Station during this
time include: i) sending GPS data to OTV over K-band link, 2) monitoring OTV
subsystems status, and 3) tracking OTV with rendezvous radar and/or OTV GPS
data.
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Once in the Space Station proximity, OTV's RCS will operate in a hydrogen-only
mode to reduce plume contamination.
The final 300 meters of rendezvous will be done along R bar and the Space
Station will track OTV retroreflectors with an optical scanner. At any time
during the operations, an astronaut can take manual control of the OTV
guidance system and be aided by OTV running lights, Space Station TV cameras,
and optical scanner information.
Errors in the OTV navigation system can be overcome by the flexibility of the
• \
MRMS which has little attitude or position accuracy requlrements for soft
dock. After MRMS attachment, the OTV is put in dormant mode and the MRMS
controls final berthing.
This retrieval technique shown in Figure 4-6 uses OMV to rendezvous and dock
with OTV then return it to the space station.
How OMVwill rendezvous with OTV and how it will rendezvous with the Space
Station is unclear, so this picture has little detall but contains the basic
steps. OMV will rendezvous with OTV in some orbit different than or
co-orbiting with the station. OTV guidance will allow it to autonomously
co-orbit with the station after aeromaneuvering. However, in order to save
OTV propellant, the OTV could remain in a lower perigee orbit. OTV support
during OMV/OTV rendezvous is assumed to be no more than running lights,
retroreflectors, and possibly telemetering GPS information.
The OMV will then control the maneuvering of OMV and OTV to the vicinity of
the station using its standard payload retrieval routine. OTV support
requirements during this phase could be very different from OTV autonomous
rendezvous requirements (i.e., if the OTV RCS or communication system must be
used.by OMV).
Once grappled by the MRMS, OMV and OTV will be separated and parallel OMV/OTV
berthing and stowing operations begins.
Tethered retrieval of OTV shown in Figure 4-7 uses a 50-km-long tether with a
smart end effector to capture and retrieve OTV.
The end effector/OTV rendezvous takes place at the apogee of OTVs 450 by 150
km orbit and has a limited capture window as OTV falls away and speeds up to
perigee. The smart end effector will be an OMV-type device with rendezvous
sensors, attitude control system, and docking mechanisms. The end effector
will be able to maneuver and dock on a limp tether until docking, when the
tether will become taut. OTV support during tether rendezvous will be running
lights, retroreflectors, and possibly telemetered GPS information.
The OTV can be placed in a dormant mode while the tether is reeled in. During
that time, the end effector must damp oscillations in the tether. The end
effector must also keep the tether taut when tensions in the tether become
minimal at close distances to the Space Station. The end effector must then
brake closure rates between OTV and the station when it is inside MRMS reach.
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The Space Station will lose over a kilometer of altitude in the procedure.
This can either be allowed, compensated for with a station propulsive reboost,
or compensated for with a tethered deboost of an object such as the Orbiter or
external tank.
OTV should be compatible with all three retrieval methods. Each method has
advantages and disadvantages and can back up the other. OMV (and probably the
tether) will be available at the station and will be used if an OTV failure
(i.e., RCS or communications) precludes autonomous rendezvous. If OMV is busy
or failed, the OTV and tethered assist capability ensure flexible station
operations. Since tethered operations can take over 24 hours, OMV assist and
OTV autonomous retrieval should be available in case of a busy, failed, or
non-existent tether. It is conceivable that the Space Station temporarily
could not support an operation requiring the manhours that OTV needs during
and after retrieval. In that case, the OMV or tether could support a dormant
OTV that is not designed for long on-orbit stays at the end of its mission.
The primary mode of retrieval is OTV autonomous because it has the shortest
duration and requires the least manhours. This operation will not require the
OTV to interface with multiple vehicles such as the OMV or tether and the
Space Station at the same time. Also, the primary mode of retrieval is
sensitive to the primary mode of launch, and the OMV or tether may not be able
to attach to OTV when it carries a payload during launch.
Tethered retrieval operations need to be investigated in more detail,
especially the crew requirements. Since the operations can last over a day,
crew monitoring and activities must be evaluated.
Questions remain as to where and what type of sensors should be used. Is
GPS-relative navigation good enough for OTV to maneuver within MRMS reach? If
not, can the station's optical scanner data be sent to OTV or does OTV need
its own sensor? Do cameras need to be located on OTV for manual operations?
The capability for the OMV RCS to maneuver OTV without OTV help must be
evaluated. If OMV needs OTV RCS help, the physical and electronic nature of
the OMV/OTV electrical interface needs to be determined.
4.5.2 PAYLOAD INTEGRATION. The payload integration trade tree (see Figure
4-8) shows the recommended paths that were established from the trade studies
that were conducted to assess the major accommodations and operations
alternatives for payload integration operations.
The payload integration trade comparison table (see Table 4-4) presents the
five operation/accommodation options horizontally and the evaluation criteria
in the vertical columns. The recommended option has the lowest cost mainly
because it does not require a new crew module-to-station interface inside the
OTV hangar. The selected options allow the crew to transfer into the crew
module direct from a station module and the crew module is then transported to
the OTV with the crew onboard. The OTV's fueling interface is also outside of
the hangar.
4.5.3 LAUNCH. The OTV launch trade study (see Figure 4-9) is closely related
to the OTV retrieval trade study except that procedures are reversed. Both
operations analyses concluded the same results. OTV autonomous control is
08550 4-25
GDSS-SP-87-OI8
T
L
1
O>
I
> I
_ =oo _1
._°
i 1
_ _:_
o,-_
_o
.,...,
£.:._
,,o
o
°....i
I,-4
o
t.
.!
08550 4-26
GDSS-SP-87-OI8
0,, _ _;
._z×z_<
' _ QJ_ _
I.<z_z¢._I__
rrrr
/ _
/
_ _ _ _
1 m"
0
0
II
o _ _ _ _ o
8
0
O_
g
.o
Q3
0
,e4
d.)
0
_0
0
m
I
QJ
08550 4-27
GDSS-SP-87-OI8
"T"
0
Z
J
P
P
P
P
P
P
P
J
o
P
P
o
CC
UJ
-r-
b-.
W
F-
0
Om
LI.!
Z
U.i
0
0
I.i.I
1,4
.,-4
,-4
m
0
.,-4
4.)
0
I
08550 4-28
GDSS-SP-87-OI8
recommended over the use of OMV to maneuver the OTV to the mission hand-off
point. Tethering is a likely candidate, but was not fully assessed at this
time.
The recommended approach for OTV/payload integration and other operations at
the Space Station is as follows:
a. OTV control for proximity operations: Reduces manpower requirements,
complexity, and cost.
b. Crew module to station module interface outside OTV hangar: EVA crew
translated to hangar via guide wires, rails, etc.
c. Stationary propellant port outside hangar: Configuration does not
interfere with maintenance activities inside hangar.
Berth OTV at payload interface to rotary device inside hangar
1. Rotary device provides access to OTV components.
2. Berthing at payload interface does not require adjustments to various
vehicle configurations.
3. RMS is adequate to translate OTV in and out of hangar.
Two RMSs For Hangar Operations
1. Two RMSs required for maintenance.
2. One RMS could be used for OTV retrieval and launch.
dl
e.
4.5.4 SERVICING, MAIgTENANCE, AND STORAGE. Figure 4-10 shows the trades that
were performed to determine the best methods for maintenance, both scheduled
and unscheduled. The analysis considered how the tasks should be performed,
manually or with teleoperation and, if by teleoperation, whether or not the
vehicle should release the components automatically.
Shown on Table 4-5 are additional ground rules to be used in the analysis and
trade studies of the OTV turnaround operations at the station. The
significant ones are the cost of the IVA and EVA for the crewmen.
To establish credible task times for both teleoperations tasks and EVA/IVA
tasks we have used the following data shown as references:
a. Hamilton standard subcontract to OTV servicing study.
b. JSC-10615, SIS EVA description and design criteria.
c. SPAR aerospace limited: RMS operations.
d. Shuttle space operations data - RMS and EVA.
e. Rocketdyne: Engine maintenance design for space operations.
f. Skylab: EVA contingencies.
g. MSFC neutral buoyancy tank data.
We have tried to stay abreast of the evolving data on IVAIEVA capability
coming from the Shuttle flights. The performance that can be achieved with
the new space suits was obtained from Hamilton Standard.
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The selection criteria which will be used in the servicing/maintenance trade
studies are shown in Table 4-6. They include design, operations, and cost
factors.
4.5.4.1 Aerobrake TPS: Table 4-7 is an example of the task analysis sheets
we have developed for all of the turnaround tasks. These sheets contain a
description of the tasks to be performed, the support equipment requirements,
the task duration, IVA/EVA time, and whether it is a direct task or a
supporting task, and the total manhours for the task including the EVA
manhoucs.
The subtasks are quite detailed so that a comprehensive understanding of what
is being accomplished can be obtained.
Figure 4-11 shows the method for aerobrake TPS replacement that was developed
in conjuction with the task analysis. Task analysis data is used to establish
the task duration and manhour times that are used in the trade comparisons.
Due to the complexity and accessibility of the aerobrake, it is recommended
that this task be performed using an EVA crew. The time established requires
that both crew members attach aerobrake spacers to the frame simultaneously.
Let it be noted that this is the only task identified where two EVA crew
members were actually required to accomplish the task. All other EVA
operations only require one EVA crew member to do the job, however we included
the second crew member in all of the EVA task analyses, because it is a
requirement.
Table 4-8 shows the times for removal and replacement of the aerobcake TPS
established for the three types of aerobrakes used on the different OTV
concepts. Although the aerobrakes will vary in size, removal and replacement
time will not change significantly, because the number of attachment nodes
determine the task time.
4.5.4.2 Aerobrake. Table 4-9 shows the aerobrake removal and replacement
trade comparison for the three maintenance options. Aerobrake removal and
replacement is required for accessibility for other maintenance tasks.
The criteria used for selection of a recommended option included support
equipment requirements, vehicle design requirements, task duration, manhour
requirements (EVA and total), vehicle weight differences, advanced technical
development, accessibility, maintainability, reliability, and cost.
The cost analysis includes production and delivery cost for all hardware
development. It also includes operations costs and any penalty for added
weight on the OTV. The low-mission model was used for this comparison.
The results of this comparison indicate the use of the "teleoperation only"
option for performing the aerobrake removal and replacement task. This option
conserves manpower while holding cost at a minimum.
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4.5.4.3 EnKine. Panel disconnects with automatic latching systems (see
Figure 4-12) are being considered for the major systems of the OTV, such as
the outrigger tanks and engines in order to reduce removal/replacement and OTV
turnaround time. These panel-latching systems will allow the mating of a
structure and several fluid and electrical lines in a single operations, thus
reducing maintenance time.
An example of a cryogenic disconnect mounted on an interface panel is also
depicted. It consists of a poppet valve to seal the coupling upon panel
disconnect, and it also contains redundant bellows to prevent the escape of
any propellants during a mission.
Table 4-10 shows the engine removal and replacement trade comparison for the
three maintenance options. This data is for the removal and replacement of
both engines.
The criteria used for selection of a recommended option included support
equipment requirements, vehicle design requirements, task duration, manhour
requirements (EVA and total), vehicle weight differences, advanced technical
development, accessibility, maintainability, reliability, and cost.
The cost analysis includes production and delivery costs for all hardware
development. It also includes operations costs and any penalty for added
weight on the OTV. The Rev. 8 nominal mission model was used for this
comparison.
The results of this comparison indicates the use of the "teleoperation only"
option for performing the scheduled engine removal and replacement task. This
option conserves manpower while holding cost at a minimum.
4.5.4.4 Avionics/Fuel Cell. Depicted in Figure 4-13 is a concept for
arranging the avionics modules around a central, flat, 10-sided ring. This
concept allows accessibility for removal by EVA or robotics. The modules can
be removed/replaced by utilizing guide tubes and retention latches (similar to
the multimission spacecraft), to accommodate the Universal Service Tool
System. One central electrical connector on the aft face of each module would
mate with a connector out of the central electrical cable way circumscribing
the core structure. The core avionics structure is also removable to allow
major changes to the entire avionics system.
The payload adapter system consists of a multiple payload carrier (MPC)
mounted to the avionics structure and single payload adapters used to enable
the mating of differing payloads to the MPC. In the event of the OTV
launching a single payload, the MPC can be easily removed and the
single-payload adapter is attached directly to the directly to the avionics
structure to save weight.
Table 4-11 shows the comparison for the removal and replacement of avionics
modules and fuel cells.
The results of this comparison indicates the use of the "teleoperation only"
option for performing the unscheduled avionics module or fuel cell removal and
replacement task. This option conserves manpower and adds no cost to the
vehicle.
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Table 4-12 shows the comparison for the removal and replacement of RCS
thrusters.
The results of the comparison indicates the use of the "teleoperation only"
option for performing the unscheduled RCS thruster and replacement tasks.
This option conserves manpower and adds no cost to the vehicle.
4.5.4.6 Propellant Tanks. Table 4-13 shows the propellant tank removal and
replacement trade comparison for the three maintenance options.
The results of this comparison indicates the use of the "teleoperation only'"
option for performing removal and replacement. This option conserves manpower
while holding cost at a minimum.
4.5.4.7 Comparison/Recommendation. Besides the crew at the Space Station,
support people are required on the ground to perform the turnaround operations.
Table 4-14 compares the manhouc time of the three maintenance options for all
tasks predicted for the SBOTV using the nominal-mission model.
Tank stage reconfiguration, engine replacement, and aerobrake TPS replacement
are scheduled maintenance tasks while the RCS, avionics, fuel cell, and
propellant tank replacements are unscheduled tasks.
The tank set reconfigucation frequency is an average value. It was assumed
that the OTV would perform two missions between reconfigurations.
The recommended "teleoperations only" option requires an average of 61
manhoucs in space with 8.2 percent being EVA hours. It also require 754
manhoucs of ground support personnel.
The following summarizes the recommended method of performing the operations
required for an OTV at the Space Station:
a. Recommended
1. Aerobrake remove and replace-teleoperation.
2. Aerobrake TPS replacement-EVA with teleoperation.
3. Engine remove and replace-teleoperation.
4. Tank set remove/replace and reconfiguration-teleoperation.
5. Avionics/fuel celI/RCS remove and replace-teleoperation.
b. Justification
1. Trade comparison results-manhours, vehicle penalty, and cost.
2. EVA capability maintained for contingency.
3. Recommended options consider Space Station manpower resources.
4. Repeatability and frequency of operations fully considered.
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We have determined through trades that the most desirable way to perform the
operations shown is by teleoperation. EVA capability is required to replace
the thermal protection system on the aerobrake and can be used on a
contingency basis for all the operations shown.
The following table delineates the types and numbers of people required on the
ground to support the space crew in real time during the turnaround operations.
DISCIPLINE
Structures Engineer
Thecmal Engineer
Propulsion Engineer
Avionics Engineer
Mission Planning
Mission Operations Support
Payload Interface Specialist
Maintenance Facility Specialist
Total Ground Support Crew
NO OF
SUPPORT CREW
2
2
2
4
3
6
2
2
23
These people are the same types of engineers that are used to support the
ground processing of an OTV. Their support manhours are counted as a part of
the turnaround operation.
4.6 MANPOWER/TIMELINES
4.6.1 INITIAL DELIVERY. The timeline for the initial delivery and assembly
of the OTV is presented in Figure 4-14. The OTV can be delivered into space
in two shuttle flights. Two RMS are used for deployment and attachment of the
aerobrake and installation of the RCS thrusters. One RMS will require MST
attachments to connect aerobrake struts, RCS thrusters, and fluid/electrical
interfaces. EVA is not required for these operations. The OTV off-load and
assembly operation requires a total of 74 space manhours and 849 ground
manhours over 5 days.
4.6.2 TURNAROUND. Table 4-15 shows the SBOTV space operations manhour
requirements.
4.6.3 NORMAL TURNAROUND. Figure 4-15 gives the time line for a normal
turnaround of an SBOTV that is launched with an unmanned payload and returns
without a payload. A normal turnaround is one where the vehicle returns to
the Space Station from a good flight without faults and does not require
periodic maintenance.
The rendezvous and berthing operations begin when the OTV is within 1,000 feet
of the Space Station and ends when residual propellant has been offloaded and
the OTV is secure in the hangar.
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Scheduled maintenance includes helium bottle charge, fuel cell water removal,
engine checkout, vehicle visual inspection, system tests, and data analysis.
Payload integration includes payload mating, system checkout, and propellant
loading. The time required for payload checkout has not been included in the
timeline, since it will vary depending on the payload.
Prelaunch includes all checkout and final preparations for launch.
Launch operations consist of deploying the OTV and payload to a point 1,000
feet from the Space Station where control is turned over to mission operations.
Shown on the chart are the manhours required on the Space Station and for the
support personnel on the ground.
4.6.4 OTV UTILIZED AT THE STATION. Table 4-16 shows the mission time and the
projected turnaround time required for an OTV at the Space Station. Two
mission years were selected. The first year is 1998 with 14 missions. They
are all unmanned delivery missions so the average mission time should be
approximately 5 days. The average OTV turnaround time from the previous chart
should be not more than 10 days. Worst-case configuration and maintenance
tasks were assumed for the turnaround analysis.
The second year is 2010. The manned missions could increase the average
mission time to approximately 8 days. By that time the OTV should be able to
be turned around in an average of 8 days.
The conclusions reached from this data are that, with no scheduling conflicts,
one OTV will satisfy the mission model turnaround and OTV accommodations are
not affected by turnaround requirements.
4.7 COMPARISON OF SPACE/GROUND PROCESSING
we cannot directly compare the manhours for turning an OTV around on the
ground with the manhours to turn around an OTV in space because of the
different functional tasks that need to be performed in each place. Figure
4-16 is the functional flow chart for the ground processing of a cargo bay
OTV. We marked the major functions on this chart that are equivalent to the
ones that are performed at the Space Station. It can be seen that there are a
lot of functions that are performed on the ground that are not required in
space, namely moving between facilities, ASE processing, and Shuttle Orbiter
interface and mating activities. The following tables will identify the
manhours for these equivalent tasks.
Table 4-17 shows the manhours for ground processing for major tasks equivalent
to major tasks performed on the OTV at the Space Station. These are the tasks
identified in the previous figures. It can be seen that there is quite a
difference in the manhours for ground processing an OTV on the ground as
compared to the tasks needed in space. This is mainly attributed to the
required moving between facilities, ASE processing, and Shuttle Orbiter
interface and mating activities. This table identifies the major task
differences. The following table will modify these numbers further to arrive
at a reduced number of equivalent manhours.
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Table 4-18 takes the manhours for the major ground processing tasks that are
equivalent to tasks performed in space and removes some subtasks that are not
applicable to tasks in space to arrive at roughly an equivalent number of
manhours for ground processing to match the space processing tasks.
Table 4-19 roughly compares equivalent ground processing and space processing
manhour requirements.
More manhours are require d to ground process a GBOTV that to space process an
SBOTV.
Manpower is a lot cheaper on the ground, so more men can be assigned to the
job. In addition, no more than two crewmen will be able to perform hands-on
tasks on the SBOTV at the Space Station, whereas many more can perform
hands-on tasks on the ground, and also stand around and observe/inspect this
work.
4.8. SBOTV TURNAROUND ASSESSMENT
Besides the crew at the Space Station, support people are required on the
ground to perform the turnaround operations.
The following summarizes the features of the SBOTV that allows it to be based
at the Space Station and turned around in a safe and efficient manner:
a. Vehicle is fully checked on ground with planned assembly at the Space
Station.
b. Turnaround operations are optimized by restriction to Level i maintenance.
c. Maintainability is a primary vehicle/system design requirement
I. Accessibility for remote and EVA operations.
2. Modular construction of SBOTV simplifies and speeds up replacement
process.
d. Checkout accomplished with vehicle built-in test capability
i. Vehicle computer system evaluates and registers fault during mission.
2. Vehicle status relayed to station via RF datalink or through data base
interconnect after berthing.
3. Interfaces automatically connected during berthing operations.
e. Computer system analyzes and displays vehicle status and presents basic
maintenance plan
f. Inspection TV without tear down operation
g. Majority of maintenance tasks are accomplished by teleoperations
h. No Shuttle interface operations required beyond initial delivery
i. Vehicle is not subjected to space-Earth transition environment
j. Vehicle berths at maintenance facility: Does not move between facilities
with attendant inspection/retest
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k. Operations philosophy assumes vehicle is operational after good flight
with aid of instrumental and computer assessment (more instrumentation
than GBOTV)
I. Vehicle does not need to be dismantled after each mission, which minimizes
damage due to maintenance operations
m. Fewer hands-on manual operations: Less likelihood of mistakes
Figure 4-17 shows how the ground processing analysis progressed from the
Shuttle Centaur data through the cargo bay OTV alternatives to the other OTV
concepts and then on to the space processing.
GDSS used the manhours expended on processing the first Shuttle Centaur
through ELS up to launch as our starting point. We modified those numbers to
eliminate nonprocessing-related tasks to come up with the 39,000-manhour
number. We modified that number to project what we thought it would take to
process a Shuttle Centaur on a nominal schedule of several a year.
From this data, we investigated what tasks it would take to process and OTV.
We looked at Shuttle-Centaur-type facilities and tasks to start with and then
projected what it would take for other facilities and types of tasks.
After we analyzed the cargo bay OTV alternative processing tasks, we applied
this knowledge to come up with manpower and times for the other OTV concepts.
For space processing, we used the Shuttle Centaur and OTV ground processing
data as a data base. We modified the ground processing data to eliminate
tasks that were not needed at the Space Station. We then analyzed these tasks
to come up with approaches and manpower to perform them in a space
environment. The recommended ace shown in the figure.
4.9 RECOMMENDED TASK DESCRIPTIONS
The task description sheets (see Table 4-20 as an example) contain data
peculiar to each Level 2 task of the OTV turnaround. The task identification
code and descriptor are the same as those used throughout the study. The
purpose and a narrative description of the task are presented along with the
resource requirements, task duration and frequency. The resource requirements
include the crew size and manhour requirements for the task in addition to the
accommodations required to perform the task. A complete set of the task
description sheets has been given to the MSFC COR Donald Saxton.
4.10 PROPELLANT DELIVERY OPERATIONS
The functional flow diagram (see Figure 4-18) shows the tasks required to
deliver propellants to the Space Station and subsequent transfer to the
long-term cryogenic storage facility (LTCSF). These tasks begin after the
propellant resupply tanker is placed in a holding orbit by an expendable
launch vehicle. The OMV retrieves the tanker and maneuvers it to the Space
Station. The propellant is transferred from the tanker to the storage
facility, then the tanker is deorbited.
The flow also includes the tasks required for OMV operation to perform its
retrieval and delivery operations.
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DESCRIPTOR
ATTACH HYDROGEN TANK MODULES TO CORE SECTION
NEXT HIGHER TASK
5.0 F'ERFORM INITIAL DELIVERY AND ASSEMBLY
PURPOSE
TO ASSEMBLE THE OTV UPON INITIAL DELIVERY TO THE SPACE STATION.
TASK DESCRIPTION
TRANSFER QTV HYDROGEN TANK MODULES FROM THE SHUTTLE 2ARGO BAY TO THE
OT',,'HANGAR. THE TANKS WILL THEN BE ATTACHED TO THE CORE SECTICN.
TASK DURATION
7 HOtJRE 5 MI;IUTES
TASK FREQUENCY
ONCE EVERY 40 MISSIONS
RESOURCE REQUIREMENTS
CREW
IVA
EVA
GROUND
CREW SIZE MANHC!:c'S
14: ')
"_" 16._: : _
TOTAL
ACCOMMODATIONS
STATION RMS AND CONTROLS
MST FOR HANGAR RMS
COMPUTER SYSTEM
GRD SPRT DATALINK (COMM)
HANGAR RMS AND CONTROLS
CCTV SYSTEM
FACILITY CONTROLS
SPARES
OTHER VEHICLE SYSTEMS EFFECTED 272.353-9:
O855O
Table 4-20. Task Description Sheet :
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The propellant delivery crew requirements (see Table 4-21) include task
duration times and manhours committments by the Space Station crew during the
propellant delivery operation. The propellant transfer task is the only
propellant delivery task not requiring two crew members. This task is
automated and only requires one person to monitor the operation.
4.11 OTV SUPPORT EQUIPMENT MAINTENANCE
4.11.1 MAINTENANCE REQUIREMENTS. The maintenance requirements shown in Table
4-22 are the corrective and preventive maintenance for the equipment required
to support OTV operations in space. This includes the task time, manhour
requirements, task frequency, type of maintenance, and implementation methods.
The maintenance requirements shown in Table 4-23 are the corrective and
preventive maintenance for one storage tank system. This includes the
quantity of the ORUs, task time, manhour requirements, and frequency of remove
and replace. The same support equipment will be used on both tank systems.
4.11.2 SUPPORT EQUIPMENT MANHOURS. Table 4-24 presents the manhour
requirements for OTV support equipment maintenance.
Table 4-25 shows the crew requirements for maintenance of the LTCSF. This
includes the two storaEe tank systems. The averaEe task time is 48 hours or 6
days per year.
Table 4-26 summarizes the average yearly manhour requirements in space for
operation and maintenance of the OTV and its support equipment. This includes
OTV turnaround, propellant resupply and maintenance of both the support
equipment and LTCSF. The number of IrA and EVA manhours required for each of
these operations are also shown.
Table 4-27 summarizes the time that each crew size is required to perform the
various OTV operations and maintenance tasks for the SBOTV.
One and two member crews perform their tasks in an IrA mode. The three member
crew is composed of one IVA member in support of two EVA members task
implementation. The two member crew is used during payload matinE, launch and
retrieval operations while one-and three-member crews are used for maintenance
and servicing tasks.
4.12 CONCLUSIONS
The following are conclusions arrived at during the analysis just completed on
space processing:
a. Use teleoperations for SBOTV turnaround tasks except for aerobrake thermal
protection system (EVA)
b. Nominal turnaround for SBOTV 61 Manhours in space
754 Manhours on ground
7 Days + Mission
c. SBOTV can be based at the Space Station and turned around in a safe and
cost-effective manner
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SECTION 5
OTV DESIGN AND INTERFACE REQUIREMENTS
Using the results and recommendations of the turnaround operations analysis
and definition of the baseline GBOTV and SBOTV, we identified and defined OTV
design and interface requirements for basing on the ground and at the Space
Station. The following areas were investigated and descriptions of them are
covered in section:
a. Accessibility
b. Modularity
c. Size and weight of ORU
d. ORU attachment and removal provisions
e. Handling and mating provisions
f. Payload mating provisions
g. Accommodations for mechanical, fluid, and electrical disconnects
5.1 GROUND-BASED OTVs (GBOTV)
The cargo bay (ballute) OTV, the ACC OTV, and the UCV OTV are addressed in the
following paragraphs.
5.1.1 GROUND-BASED CARGO BAY (BALLUTE) OTV. Figure 5-1 is a picture of the
cargo bay OTV which was the baseline we used in the analysis. This concept
was developed by Boeing in the phase 40TV Definition Studies. Figure 5-2
shows the cargo bay OTV launch and retrieval configuration. The Orbiter cargo
bay allows enough clearance for the cargo bay GBOTV and either a payload or
auxillarT propellant tank module no greater than 20 feet in lensth. This
leaves 5 feet of clearance from the forward payload face to the forward cargo
bay bulkhead for EVA entrance to the cargo bay.
The airborne support structure is similar in size and cat'$o bay mounting to
the Shuttle CISS.
Longeron and keel fittings at station 876 in addition to the ASE are used to
support the core OTV with a 20-feet or shorter payload.
Longeron and keel fittings at station 648 and a keel fitting at station 876 in
addition to the ASE can be used to support the OTV configured with the
auxillary propellant tank module attached.
The OTV is returned to Earth in the cargo bay using longecon supports at
stations 648 and 876 and a keel fitting at station 876. This arrangement
maintains the proper shuttle center of gravity.
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The GBOTV system has six major interfaces (see Figure 5-3).
i) Orbiter/ GSE.
2) ASE/Orbiter.
3) ASE/OTV.
4) OTVlAuxillary propellant tanks.
5) OTV/Payload.
6) OTV/Aerobrake.
These are:
The auxillary propellant tanks are used for heavy lift missions and not
carried on every mission. When the auxiliary tanks are used two ground
launches are required, one for the OTV and one for the payload. A heavy lift
mission would require on-orbit assembly of the payload, a ballute aerobrake is
assumed to be attached to the vehicle before launch. At the conclusion of the
mission, the ballute and auxillary propellant tanks would be jettisoned before
the OTV is loaded back into the Orbiter.
There are eight external Orbiter interface connections dedicated to OTV
support. These are:
I) H2 Purge Vent.
2) GH 2 Ground Vent.
3) He Fill/Drain.
4) GH 2 Boost Phase Vent.
5) LH 2 Fill/Drain.
6) LO Vent Dump.
2
7) LO 2 Fill/Drain.
8) LH Dump.
2
The H 2 Purge Vent and LO 2 Vent/Dump are used to purge any fuel or oxidizer
that leaks out of the disconnects in the lines running from the Orbiter to the
OTV.
The GH 2 Ground Vent and LO 2 Vent Dump are used to vent propellants during
ground operations. The LO 2 Vent Dump is also used to vent GO 2 during
ascent. The GH 2 Boost phase Vent on the Orbiter tail is used to vent GH 2
during flight to avoid any mixing of fuel and the Orbiter exhaust plume.
The LH 2 Dump and LO 2 Vent Dump are used in an emergency situation to dump
all propellants.
The LO 2 and LH 2 Fill/Drain connections are used to ground load and drain
propellants.
The He interface is used to purge the vehicle insulation and pressurize the
RCS and vehicle propellants.
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N2H 4 and fuel cell reactants are loaded prior to OTV/Orbiter integration,
therefore no interfaces are shown.
Air conditioning is normally provided in the Orbiter cargo bay, therefore no
dedicated interface is required.
Figure 5-4 shows the above interfaces on the Orbiter.
5.1.2 GROUND-BASED ACC OTV. Figure 5-5 is a picture of the ACC OTV which was
the baseline we used in the analysis. This concept was developed by Martin in
the Phase A OTV Definition Studies.
5.1.2.1 Desisn And Interface Requirements. The ground based aft cargo
carrier (ACC) OTV system has five major interfaces (see Figure 5-6). These
are:
i) ACCIGround Support Equipment.
2) ACCIOTV.
3) OTV/Payload.
4) OTVIPropellant Tanks (2 places).
5) OTV/Aerobrake.
The OTV is composed of three LRUs. These are the two (LO 2 and LH 2)
propellant tanksets and the aerobrake. These are required to enable placement
of the OTV in the Orbiter cargo bay after completion of the mission.
The OTV separates from the External Tank ACC on orbit and the OTV is joined tc
the payload stored in the Orbiter. Upon completion of the mission the four
propellant tanks and aerobrake are jettisoned from the OTV and only the core
vehicle is loaded in the Orbiter for the return mission to Earth, or the
aerobrake is discarded and the four propellant tanks are removed and loaded ir
the Orbiter cargo bay with the OTV core vehicle for the return to Earth.
The external ACC ground interface connections dedicated to OTV support are:
I) He Fill/Drain
2) GH 2 and GO 2
3) LH 2 and LO 2
4) LH 2 and LO 2 Pressurization
5) Insulation Purge
-used to load helium for pressurizing the
propellant tanks and RCS flight.
-for ground and inflight venting of
propellant gases.
-for ground loading and dumping of
propellants.
-for ground pressurization of the
propellant tanks.
-to keep tank insulation free of
contaminates, which could freeze and reduce
insulation capability.
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6) LHe
7) LHe Chilldown Vent
8) ACC Pressure Relief Valve
9) Aft Purge
i0) Air Conditioning
11) Electrical
-to chilldown the engine on the ground.
Chilling the engines reduces propellant
requirements.
-to Vent LHe away from engines.
-to relieve ACC pressure buildup on ground
and during boost.
-to remove contaminates from engine lines
on ground and during boost phase.
-for cooling of avionics on ground.
-for power and data transfer
N2H 4 and fuel cell reactants are loaded prior to OTV ACC fairing
installation,, therefore, no interfaces are shown.
5.1.2.2 ACC OTV Returns To Earth In Orbiter Cargo Bay. All elements of the
ACC OTV, with the exception of the aerobrake, can be returned to Earth in the
Shuttle at the conclusion of a mission (see Figure 5-7.) The aerobrake
material is unable to be reused if it is folded after a mission, therefore,
returning it to Earth serves no purpose.
The disassembly process requires the following:
I) Remote Manipulator System (RMS).
2) Handling and Positioning Aid (HPA).
3) Payload Installation and Deployment Aid (PIDA).
4) Miscellaneous RMS end Effectors and Tools.
OTV disassembly would be accomplished in the following manner. At the
conclusion of the mission, the OTV would jettison the aerobrake or just the
fabric covering. The OTV would then be captured by the Shuttle RMS and placed
on two PIDAs, which would hold the core vehicle while the tanks were removed.
The propellant tanks would be removed in two sections (each containing one
LO 2 and one LH 2 tank). Two EVA astronauts, the RMS, and the HPA would be
required to disassemble the OTV. The astronauts and the RMS would disassemble
the OTV while the HPA would then collapse the OTV core structure, so that the
HPA could place it in the Shuttle cargo bay.
The core structure of the OTV must be collapsed to enable placement of the
entire OTV in one Shuttle cargo bay.
This disassembly process has been estimated to require at least 9 hours of
EVA. Thus, approximately two EVA excursions would be required to place the
OTV in the cargo bay.
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The ground-based ACC OTV is placed in the Orbiter in three sections, two LH 2
and LO 2 tanksets and a collapsed core vehicle, (the aerobrake is not
returned) (see Figure 5-8).
The LO 2 tanks were assumed to be 7 feet i0 inches in diameter and the LH 2
tanks were assumed to be Ii feet in diameter. The core vehicle was assumed to
have a flight length of 21 feet 9 inches and a collapsed length of 15 feet 4
inches. This storage condition was achieved by retracting the engines and
collapsing the core vehicle support struts. These dimension allow 4.5 feet of
clearance between the EVA airlock entrance and the first LO2/LH 2 tankset.
Manned safety considerations would probably require venting the LO 2 and
LH 2 tanks to space prior to loading them into the Orbiter cargo bay.
Therefore pressurization and electrical interfaces would be required between
the Orbiter and OTV to maintain tank pressurization and prevent tank collapse
during Orbiter descent.
5.1.3 UCV. The UCV OTV used in this study was the 52K and 74K payload capac-
ity OTV conceptualized by Martin Marietta and shown in Figure 5-9 and 5-10.
5.1.3.1 Design And Interface Requirements. The UCV-launched GBOTV system has
five major interfaces (See Figure 5-11):
a. OTV GSE.
b. UCV/OTV.
c. OTV/Payload.
d. OTV/Propellant Tanks (4 places)
e. OTV/Aerebrake.
The OTV is composed of five LURs. These ace the two LO 2 tanksets, the two
LH 2 tanksets and the aerobrake. These are required to enable placement of
the OTV in the Orbiter cargo bay after completion of the mission.
The OTV separates from the UCV on orbit and the OTV then places its payload
into the proper orbit. Upon completion of a normal mission, the two LH 2
tanks and aerobrake are jettisoned from the OTV and the core vehicle and the
two LO 2 tanks are loaded in the Orbiter for the return mission to Earth. At
the conclusion of a manned mission, three propellant tanks and the aerobrake
are jettisoned from the OTV and the core vehicle and one LO 2 tank are loaded
in the Orbiter for the return mission to Earth. These scenarios are based on
Martin Marietta information on which OTV components will fit in the Orbiter
cargo bay.
The external ground interface connections dedicated to OTV support are:
a. He Fill/Drain
b. GH 2 and GO 2 Vents
c. LH 2 and LO 2 Fill/Drain
-used to load helium for pressurizing the
propellant tanks and RCS in flight.
-for ground and inflight venting of
propellant gasses.
-for ground loading and dumping of
propellants.
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d. LH2 and L02 Pressurization
e. Insulation PurEe
f. LHe
g. LHe Chilldown Vent
h. Fairing Pressure Relief Valve
i. Aft PurEe
j. Air Conditioning
k. Electrical
-for ground pressurization and puree of the
propellant tanks.
-to keep tank insulation free of
contaminates, which could freeze and reduce
insulation capability.
-to chilldown the engine on the ground.
Chilling the engines reduces propellant
requirements.
-to vent LHe away from engines.
-to relieve fairing pressure buildup on
ground and during boost.
-to remove contaminates from engine lines
on ground and during boost phase. Also for
tank insulation purge during boost.
-for cooling of avionics on ground.
-for power and data transfer.
N2H 4 and fuel cell reactants are loaded prior to payload fairing
installation, therefore, no interfaces are shown.
5.1.3.2 UCV OTV Disassembly And Return To Earth On Orbiter Cargo Bay. Figure
5-12 shows the UCV GBOTV flight operations where the OTV is launched on the
UCV and after its mission is returned to Earth in the Orbiter.
All elements of the 52K UCV OTV, with the exception of the aerobrake and LH 2
tanks, can be returned to Earth in the Shuttle at the conclusion of a mission
(see Figure 5-13). The aerobrake material is unable to reused if it is folded
after a mission, therefore, returning it to Earth serves no purpose. Due to
the larger size of the 74K OTV, the aerobrake, both LH 2 tanks, and one LO 2
tank cannot be placed in the Orbiter.
The disassembly process requires the following:
a. RMS
b. HPA
c. PIDA
d. Miscellaneous RMS End Effectors and Tools
OTV disassembly would be accomplished in the following manner. At the
conclusion of the mission the OTV would jettison the aerobrake and propellant
tanks. The OTV would then be captured by the Shuttle RMS and placed on two
PIDAs, which would hold the core vehicle while the tanks were removed. Two
EVA astronauts, the RMS, and the HPA would be required to disassemble the
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OTV. The astronauts and the RMS would disassemble the LO 2 tank or tanks
from the OTV while the HPA would be used to reposition the OTV on the PIDAs
during disassembly. The HPA would then place the OTV core in the shuttle
cargo bay.
Figure 5-14 illustrates concepts for returning the 52K and 74K OTVs back to
Earth in the Orbiter.
The 54K OTV is small enough to return the core vehicle and both LO 2 tanks
back to Earth. This arrangement also leaves adequate clearance in the Orbiter
cargo bay for the astronauts to move around the stowed OTV components.
Station numbers are shown where longeron and/or keel fittings can be placed in
the Orbiter to secure either OTV components directly or OTV component support
equipment.
The 72K OTV core vehicle and one LO 2 tank are also shown in their Orbiter
storage positions for the return trip to Earth. Due to the larger OTV and
LO 2 tank size, only one LO 2 tank can be returned to Earth with the OTV
core vehicle. Station numbers are also shown where iongeron and/or keel
fittings can be placed in the Orbiter to secure either OTV components directly
or OTV component support equipment.
The following are the assumptions and groundrules for OTV on-orbit disassembly:
a. Aerobrake and LH 2 tanks have been jettisoned.
b. LO 2 tanks inert.
c. OTV powered down.
Total task time for disassembly of OTV and storage in the Shuttle cargo bay is
7 hours 40 minutes (see Table 5-1). This includes 5 hours 50 minutes of EVA.
EVA are perform by two crew members with one crew member IVA.
5.2 SPACE-BASED OTV (SBOTV)
Figure 5-15 is the concept of the SBOTV which was the baseline we used in the
analysis. This concept is a synthesized version. It is launched dry in the
cargo bay and assembled and operated in LEO at the Space Station.
The SBOTV reference configuration would require two shuttle flights for
delivery to orbit (see Figure 5-16). One Shuttle flight would contain the OTV
core vehicle (including avionics, LO 2 tanks, and engines), and an LH 2
tank. This would leave approximately 5 feet of cargo bay free for other
payloads. The second Orbiter would contain the other two LH 2 tanks and
miscellaneous cargo, (approximately 25 feet in length). This miscellaneous
cargo would contain the aerobrake and possibly the payload carrier and payload
adapters.
The OTV and Orbiter would require fluid and electrical interfaces to maintain
and monitor tank pressures during ascent or the tanks could be vented to the
atmosphere.
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The vehicle consists of the following primary ORU (see Figure 5-17):
a. Engine (2 places).
b. RCS thruster modules (2 places min.).
c. Oxidizer tank.
d. Avionics core structure.
e. Aerobrake Structure.
f. Aerobrake thermal protection.
g. Fuel Cell H 0 Module (1 place min.).
2
h. Fuel Cell Reactant Module (02).
i. He bottle (1 place min. for RCS pressurization).
j. Fuel tanks _3 places).
k. RCS fuel storage (1 place min.).
I. Avionics boxes (10 places).
m. Payload adapters.
n. Multiple payload carrier.
o. Fuel Cell Reactant Module (H2).
Due to the configuration of the vehicle, replacement of the oxidizer tank
requires removal of the avionics, however the oxidizer tank will only be
removed for repairs. All other ORUs should be replaceable without removing
any other ORUs other than the aerobrake.
The SBOTV has only mechanical interfaces with its ground launch vehicle all
propellants will be loaded on orbit at the Space Station propellant depot.
The SBOTV shown has nine identified interface connections with the propellant
depot. These are:
a. Fuel Cell Reactant (02).
b. LO (for oxidizer fill and drain).
2
c. LH 2 (for propellant fill and drain).
d. Electrical connection for power and data.
e. GH Thermodynamic Vent System (TVS) Vent.
2
f. GH (fuel tank pressurization and venting).
2
g. GO (oxidizer tank pressurization and venting.
2
h. Fuel Cell Reactant (H).
2
i. GO TVS Vent.
2
This vehicle was assumed to use all electric actuation and autogenous (GO 2
and GH2) gas pressurization from the engines to pressurize the propellant
tanks during flight. Trade studies have shown this system to have a weight
advantage over pneumatically pressurized systems for a space-based vehicle.
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Since N2H 4 and He are used elsewhere on the Space Station, it was assumed
that these bottles would be removed from the OTV, filled and reinstalled.
Thus avoiding storage of these gases in two places.
The OTV would be brought to orbit in the Orbiter in five major sections, the
core vehicle (including LO 2 tank, avionics, and engines), three LH 2 tanks,
and the aerobrake. These sections would be assembled at the Space Station.
ORUs for the SBOTV reference configuration vary in weight from 25 pounds for
the hydrazine thruster modules to 1000 pounds for the aerobrake structure or
the thermal protection system (see Table 5-2).
The ORUs most likely to be replaced on a regular basis are:
a. Avionics Modules.
b. Payload Adapter Rings.
c. Multiple Payload Carrier.
d. Main Engine Assembly.
e. Aerobrake System.
f. RCS.
g. Helium Bottles.
h. H 0 Bottles.
2
i. N2H 2 Bottles.
The average avionics module weighs approximately 100 pounds and measures 20 by
16 by 14, with the exception of the TDRSS avionics module which weighs about
56 pounds.
The aerobcake weights are based on a 4a-foot-diameter aerobrake using a
geotruss support structure and a 0.75-inch-thick fabric thermal protection
system with a density of 8.5 lblft. 3
The propellant tank module weights of 400 pounds assumed that the tanks were
designed for 20 psia, any change in pressure would alter this weight.
The H20 bottle would be removed after every mission to drain the water
created by the fuel cells.
Prior to a mission the helium and N2H 4 bottles would be removed from the
OTV for filling or a line would be brought to the OTV to fill them, while the
OTV was still in the hangar.
The SBOTV avionics system is composed of two parts, the individual avionics
ORUs and the avionics core structure (see Figure 5-18).
The avionics ORUs allow the abillty to change out individual avionics
subsystems to accommodate mission-peculiar requirements or replace failed
parts.
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There are three options for mounting the avionics modules. The first involves
individually enclosing each subsystem, (as shown), and bolting them to the
avionics structure in a manner similar to that used on the Multi Mission
Spacecraft, (MMS). This has been successfully used during an EVA to repair
the MMS, however, this would be a difficult operation for an RMS. The second
concept is similar to the first but uses as manually engaged latch. This
would simplify the replacement operation for both EVA and a RMS, however it
would add weight to the system. The third option is to fully enclose all the
avionics subsystems in one enclosure, but mount each subsystem on a removable
rack, this would also be easier than the first option but would be the most
complex.
The avionics ORUs would contain only an electrical interface with the core
vehicle. The only exception may be the fuel cell, this may require fluid
lines if the 02, H2, and H20 tanks are not collocated with the fuel
cell. The avionics _,ay also require a fluid line to a radiator.
The avionics structure is removable to allow incorporating major block changes
to the avionics system. The structure is mounted to the OTV core vehicle by
three manually operated latches. These latches, (mounted on the bottom face
of the structure), would be manually operated in order to avoid inadvertent
release of the avionics system. The latches would be activated by an RMS or
EVA astronaut by using a linkage attached to the outer side surface of the
structure.
The OTV would require either a multiple-payload carrier with individual
payload adapters for the multiple-payload deliveries or a single-payload
adapter for the single-payload deliveries (see Figure 5-19).
The multiple-payload carrier/avionics interface, the payload
adapter/multiple-payload carrier interface, and the payload adapter/avionics
interface would use the same three-polnt manual latch system used to secure
the avionics to the core structure. This would provide low weight,
inadvertent release protection, and EVA or robotic operation.
The payload/payload adapter interface would use a three-point electrically
operated latch to allow remote operation payload release. The latch selected
for this would be similar to the berthing latch used in the shuttle Flight
Support Structure, (FSS), which was used to hold the MMS during repairs. The
latch design uses a single-failure-tolerant operation with a manual backup for
emergency situations.
The reference SBOTV configuration has five propellant line interfaces that are
routinely mated and demated. These are the OTV/propellant depot interface,
the OTV/H20 bottle interface, the OTV/N2H 4 bottle interface, the OTV/He
bottle interface, and the OTV/engine interface (see Figure 5-20). The first
five interfaces will be mated twice per mission, (for tanking and detanking),
and the OTV/engine panel will be demated and mated approximately once every i0
missions for routine engine replacement.
All other propellant interfaces will be mated or demated only during initial
assembly or in a repair situation. These interfaces would probably use
disconnects similar to the engine and depot interfaces to facilitate on-orbit
maintenance.
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_1_scCOUpling similar to a model built by Fairchild is proposed for the gaseous
onnects. The coupling shown incorporates a spherical nose and sliding
shaft on one side to accommodate lateral, axial, and radial misalignment
between interface panels.
A cryogenic disconnect similar to that selected for the Shu_tle_C_ntaur is
proposed for the LO 2 and LH 2 couplings. This disconnect inc01-pe_ates
spherical ends and a bellows on one side to account for lateral, axial, and
radial misalignment. The bellows half of the coupling includes a second
bellows to capture any leakage and route it through purge lines so the leakage
can be recaptured or safely vented.
The OTV propellant interface panel can be mated to the Space Station
propellant interface panel in the following manner. The RMS would guide the
OTV to the propellant boom using cameras mounted on either the boom or OTV
propellant panels. When a sensor on the panels indicated a predetermined
distance, two latches on the propellant boom panel would draw in the vehicle
interface panel and lock it into position, which would simultaneously mate all
the propellant and electrical connections.
The engine mounting concept is similar to a Pratt & Whitney concept. After
the engine is attached to the OTV, the engine panel would be mated to a
vehicle panel by utilizing manual latches on the engine panel that would
engage the vehicle panel and draw the two together (approx. 1 inch of
travel). The fluid and electrical connections would be similar to the
OTV/propellant boom disconnects.
The latches on these panels would be similar to those on the payload adapters.
The aerobrake thermal blanket attachment interface consists of a standoff
fitting on the aerobrake structural nodes and a 2-inch diameter. Titanium
standoff tube on the thermal blanket (see Figure 5-21). Upon insertion of the
tube in the fitting, the two units would lock together using an operation
similar to a quick disconnect pin. Release of the parts would require gaining
access to the back of the aerobrake to manually release the two. While
installation and locking of the units would be fairly easy, the removal
operation would be very cumbersome and requires more study. Dealing with a
44-foot diameter blanket is also a problem which requires more study.
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SECTION 6
SPACE STATION DESIGN, SUPPORT, AND INTERFACE REQUIREMENT
Using the definition of the space-based support equipment, the operational
maintenance, checkout and launch requirements, the definition of an SBOTV to
meet the operational/interface requirements and the baseline Space Station
functional and design concept, we performed a design requirements analysis to
determine the accommodation needs from the Space Station to support the SBOTV.
In addition, operational and physical Space Station support and interface
requirements in the following areas were identified:
a. Mechanical, fluid and electrical interfaces.
b. Center-of-gravity.
c. Spares storage.
d. Pressurized volume.
e. Propellant transfer and storage system.
f. Docking, berthing, and handling equipment.
g. Environmental protection.
h. Crew support requirements.
The support equipment, the crew support requirements, and SCARs needed on the
initial station were defined.
The following ground rules and constraits were used in designing the OTV
accommodations and handling equipment:
a. Power is provided by the Space Station.
b. Accommodations are located on dual-keel Space Station.
c. Accommodations must be designed for SBOTV Reference Configuration.
d. Mobile remote manipulator with EVA backup will be used for OTV servicing.
e. OTV accommodations (OTVA) are unpressurized.
f. Long-term cryogenic storage facilities are onboard Space Station.
g. OTVA must accommodate two OTVs.
h. OTVA will provide micrometeoroid/debris protection for OTV and related
equipment.
6.1 BASELINE SPACE STATION
The Space Station guidelines present in JSC 30000 SEC. 3 Rev. B were used as a
guide for designing the OTV accommodations. Figure 6-1 shows the baseline
Space Station concept.
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6.2 SBOTV MAINTENANCE FACILITY/SUPPORT EQUIPMENT REQUIREMENTS.
The equipment required to outfit the OTV hangar facility is as follows:
a.
be
co
d,
Maintenance and storage facility.
I. Main truss support structure (similar to Space Station).
2. OTV internal hangar berthing fixture for two OTVs (rotary).
3. Electrical interconnects between internal berthing interface, OTV
control equipment, and power source.
4. OTV external berthing fixture (for propellant loading and staging).
5. Electrical interconnects between external berthing interface, OTV
control equipment and power source.
6. Fluid lines from external berthing quick disconnect panel to
propellant storage/transfer control interface.
7. Support structures for hangar and equipment.
8. TV, lighting, con_uunications, and propellant leak detection
installation.
9. RMS installation including rails, local TV, lights, and tool adapter.
10 Electrical interconnects from RMS to facility control equipment.
11 Tools and spares storage provisions.
12 EVA foot constraints/handholds/control panel.
13 Protective covering (micrometeoroid and space debris).
14 Hangar protective cover support structure.
15 Lightweight screen for hangar opening.
16 Possible antenna installations.
Tools
1. EVA/RMS maintenance tools.
2. RMS astronaut work station.
Spares storage
I. Holding fixtures for tanksets.
2. Holding fixtures for avionics ORU's ACS module, engines and aerobrake.
3. Holding fixtures for EVA/RMS maintenance tools.
4. Holding fixtures for OTV payload and manned GEO crew module.
Propellant storage
1. Main support structure.
2. Hydrogen and oxygen storage tank.
08570 6-3
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3. Propellant acquisition, conditioning and gauging.
4. Fluid lines from tanks to control interface.
5. Refrigeration unit and plumbing or boil-off module.
6. Electrical interface between control unit, refrigeration unit or
boil-off and power.
7. Protective covering (micrometeoroid and space debris).
8. Heat rejection.
9. Emergency non-propulsive gaseous vent system.
e. Control station and maintenance are (pressurized module)
I. Rendezvous, Docking, and berthing control.
2. OTV direct control through berthing fixtures.
3. Hangar equipment control.
4. Propellant facility control.
5. Airlock for EVA operations.
6. Communications and data links.
7. Tools, maintenance, and checkout equipment and maintenance area.
6.3 SPACE STATION OTV ACCOMMODATIONS
The OTV facility was located on the bottom leeward side of the dual-keel Space
Station (see Figure 6-2). This location was chosen based on the constraints
of JSC 30000, Section 3 Revision B. Placing the hangar in this position
allows the Orbiter to dock at a manned module on the windward side of the
station and maintain adequate clearance with the hangar. This position also
allows docking of the OTV at a safe distance from manned modules. The exact
location of the hangar down from the manned modules will depend on the
clearance required between the hangar and the docked Orbiter tail.
The LTCSF (OTV propellant storage tanks) tanks are positioned at the bottom of
the hangar facility in a horizontal position. This minimizes the OTV
propellant fluid line lengths and aids in propellant acquisition.
An OTV staging propellant loading boom is located directly beneath the hangar
to provide easy access into and out of the hangar, (the hangar has an open
bottom face), and provide a launch and retrieval point away from critical
station elements. The OTV propellant resupply tanker also docks on this same
loading boom.
The front and side views of an OTV hangar on the dual-keel Space Station are
shown in Figure 6-3. This facility was designed to accommodate the NASA
reference configuration SBOTV, and meet the requirements of the Revision 80T_
mission model. The frame of this facility is composed of the same 5-meter
trusses used on the Space Station to allow easy RMS access into and out of the
hangar. In addition, the bottom of the hangar is open, since no
micrometeoroid or debris hazard is expected from this direction.
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The hangar is capable of accommodating two OTVs and a 50-foot long payload or
OMV. An OTV is shown docked inside the hangar on a rotary docking fixture,
which mates with the OTVs payload docking interface. This allows 360 degree
access to all the OTV components and permits rotation of the OTV during
servicing, which allows an RMS to do almost all OTV servicing from one
position.
The OTV payload staging and propellant loading boom is location directly below
the hangar which allows the OTV to be captured, launched, and moved into and
out of the hangar with a minimum amount of motion and also eliminate RMS plane
changes from one side of a boom to the other, while carrying the OTV. This
boom is designed to hold the OTV and permit the mating of a 50 foot-long
payload. The boom is also used to dock the OTV propellant resupply tanker.
The bottom view of the hangar (see Figure 6-4) shows the location of the
primary OTV, a second OTV, and the payload or OMV. The primary OTV is shown
in a position that allows two RMSs on opposite sides of the hangar to service
it. The second OTV is shown in a storage location that permits it to have its
aerobrake attached, however, only one RMS can service the vehicle in this
position of a payload is stored on the docking fixture shown. Also shown in
this figure is a mobile tool and spares storage rack that can move tools and
spares to the work area to ease the workload of the RMS.
6.4 OTV STORAGE/MAI_TENANCE FACILITY INTERFACES
6.4.1 FLUID INTERFACES. The OTV hangar facility fluid interfaces (see Figure
6-4) are between the hangar and the following items:
a. LTCSF (2 places).
b. Space Station.
c. OTV propellant loading and staging boom.
Only one LTCSF facility is illustrated, the second facility is identical to
the one shown and is simply teed into the hangar side of the fluid lines shown
routed to the LTCSF.
The fluid interface between the hangar and Space Station if the _3 coolant
required to dissipate the heat from the hangar electronics and the LTCSF
reliquefier.
The heat is transferred from the hangar and LTCSF coolant lines to the Space
Station NH 3 coolant line via a heat exchanger located in the hangar power
and data management and distribution control center.
The OTV propellant loading and staging boom is used to fill and drain
propellants form the OTV and also to unload propellants from the OTV
propellant resupply tanker.
6.4.2 ELECTRICAL INTERFACE. The major OTV hangar faclllty electrical
interfaces (see Figure 6-5) are between the hangar and the following items:
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a. LTCSF (2 places).
b. Antenna assemblies and experiments (TBD places).
c. OTV docked on the propellant loading and staging boom.
d. Propellant cesupply tanker docked on the propellant loading the staging
boom.
e. OTV docked on the internal hangar docking fixture.
f. Miscellaneous assemblies in the hangar.
OTV hangar power (approximately TBD Watts) will be provided by the Space
Station and distributed by the hangar power/data management and distribution
control center. This center can be controlled by astronauts in a Space
Station module or by EVA at the control panel in the hangar.
The LTCSF tanks (with active cooling) will require approximately 4.2 Watts
peak. The rest of the power will be fairly evenly divided among the other
units of the hangar.
This concept also assumes that the RMSs servicing the OTV will be battery
operated and periodically recharged in the OTV hangar facility.
6.5 OTV HANDLING AND STORAGE EQUIPMENT
6.5.1 HANGAR CONTROL CONSOLE AND OTV ROTARY DOCKING FIXTURE. The OTV hangar
facility has an EVA control console (see Figure 6-6) to monitor hangar
operations during EVA required servicing of the OTV. Also, an astconaut/RMS
workstation would be located next to the console to allow the astronaut to be
picked up by an RMS to manually service the OTV.
The OTV will be docked to a rotary docking fixture (see Figure 6-7), which
will mate with the forward end of the OTV avionics ring. This will provide
servicing access to all OTV components, and allow the vehicle to be rotated
360 degrees, thus minimizing RMS movement around the vehicle.
A mobile storage rack was chosen to store OTV spaces and provide an efficient
means of delivering parts to where they are needed (see Figure 6-6). The
mobile storage rack would reduce OTV repair time by delivering to whichever
side of the hangar the RMS was working on, thus the RMS would never have to
leave its work area to obtain a part.
The mobile storage rack is located at the top of the hangar to avoid any
interference with the RMS.
The mobile storage rack can also be utilized as a means for an astronaut to
travel around the hangar.
This storage rack may also be fixed depending on the hangar with and RMS reach.
6.5.2 OTV SERVICING TOOL REQUIREMENTS. The Universal Servicing Tool (UST)
(see Figure 6-7) will be used to perform all the currently identified
servicing of the OTV. Special tools required for individual tasks can be
plugged into the UST enabling the UST to adapt to the required operation.
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The engine is the only identified OTV component that will require a special
holding fixture to remove/replace it. This tool is planned to be inserted
into the throat of the engine to hold it during replacement.
6.5.3 RMS REQUIREMENTS. A maximum of two hangar RMSs will be required to
perform all the OTV maintenance requirements (see Table 6-1). The station RMS
will be required to dock and launch the OTV. The station EMS will also be
used to bring the OTV payload from its docking facility (outside the OTV
hangar) to the OTV staging area.
6.6 SPACE STATION OTV OPERATION COMMAND CENTER
Figure 6-8 shows a conception of the OTV hangar control center (located in a
pressurized module) with estimates of the required components, weights, and
volume.
This center is set up to monitor and control two RMSs in the OTV hangar
facility.
6.7 OTV TURNAROUND OPERATIONS CREW REQUIREMENTS
The number of crewman required for various phases of OTV turnaround operations
are as follows:
a. OTV rendezvous, capture, and launch.
1. 1 crewman for line-of-sight obsewation (pressurized module).
2. 1 crewman operating the multipurpose applications console (MPAC).
3. 23 ground controllers (monitoring only).
b. OTV maintenance operations performed with RMS.
1. 1 crewman operating the MPAC and RMS.
2. 1 crewman operating the second RMS from the MPAC (when 2 RMSs
required).
3. 23 ground controllers (monitoring only).
c. OTV maintenance operation performed with EVA.
1. 2 EVA astronauts.
2. 1 crewman operating MPAC.
3. 23 ground controllers (monitoring only).
d. OTV flight operations: 1 crewman operating MPAC while OTV is within 37 km
of Space Station.
6.8 SPACE STATION SCAR REQUIREMENTS FOR OTV ACCOMMODATION
The dual-keel Space Station SCARs required to provide for the pressurized and
unpressurized components of the OTV hangar facility are given in Table 6-2.
08570 6-15
GDSS-SP-87-018
_=
U:
(n
r_
Z
O
i
U_
:!
Z
Z
O
m
n-
UJ
a_
O
Gg
Ud Ud LU
O O O O O O O O O O O O
g
_ < _
_ _ _o___ ____,,
- _
0 .a. a. _. a.
¢/]
°_,1
I
08570 6-16
GDSS-SP-87-018
ORIGINAL PAGE IS
.OE _OOR QUALITY
r
n_ c
_oQ
I
G)
u
m,
ca
I
e.
.,=I
08570 6-17
GDSS-SP-87-018
_.N
._o
<:
._20.
,_ ___ _ =_
b.-- _Z
ID '_" 'P"
g. __
._ __<
o._;>
_O _
_.=
(sl
r,O
ldd
==
C)
(3
Idd
O.
o9
(/)
_o
"o
O
g_
r_
C..)
0
..=4
o
°,,_
.,,4
11
08570 6-18
GDSS-SP-87-018
A pressurized module must be SCARed for the hangar control console, and
provisions must be made for the data and command lines for the module to the
hangar.
Lines must be routed from the Space Station power management and distribution
center to provide power to the hangar and allow waste heat to be rejected.
The Space Station truss nodes in the hangar vicinity must be designed to
permit attachment of the hangar support structure.
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SECTION7
SUPPORT EQUIPMENT DEVELOPMENT SCHEDULE AND TURNAROUND OPERATIONS COSTS
This section presents the support equipment development schedule, development
costs and the manpower operations costs at the Space Station.
7.1 DEVELOPMENT SCHEDULE
Figure 7-1 shows the overall design and development schedule for the OTV
accommodations/support equipment from operational acceptance through several
launches to the Space Station and when the expected IOC will occur. The
development schedules for the Space Station and OTV are also shown to see how
the main elements of the program are related and integrated. The Space
Station's first launch is scheduled to occur in 1994. Man-tended operations
will start in 1995, and the Phase I IOC will occur in 1996. The Phase II
buildup will be completed in 1999 which allows the accommodations buildup to
begin.
The expected development of the SBOTV is shown from the pre-phase A studies,
which are going on at the present time to the IOC in 2001. It turns out that
this schedule directly parallels the development schedule of the OTV
accommodations/support hardware. This includes ground, Shuttle/ELV, and Space
Station activities. The technology development schedule is expanded on the
following charts.
Figure 7-2 shows the development schedule for the ground operations
technology. The areas of technology development are called out on the chart.
Applications analysis will take place starting in 1989 and the selection of
applications for testing will take place in 1991. Testing will continue
through 1994 up to the start of the OTV and accommodations Phase C/D.
Figure 7-3 shows the development schedule for one of the areas of space
operations technology, namely cryogenic fluid transfer, long-term storage, and
fluid management.
An experiment launched on an ELV has been proposed. The launch is scheduled
for early in 1994 and the experiment is designed to have an operating life on
orbit of 2 years. This data will be available by the CDR for the Phase C/D of
the OTV accommodations program. It is unknown at this time if a TDM in this
area is required on the Space Station. See Volume IV Technology Development
Plan for further detail.
Figure 7-4 shows the development schedule for the other area of space
operations technology, namely on-orbit servicing and maintenance which also
includes docking/berthing and payload mating. Servicing and maintenance
involves both the SBOTV and the OTV accommodations themselves.
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The technology development plans include ground testing/simulations, Shuttle
sorties, and a TDM on the Space Station. Proposed Shuttle sortie missions
would evaluate the various elements of servicing and maintenance shown on the
chart in zero-g. These sortie flights would be accomplished before the CDR
for the Space Station TDM.
The Space Station TDM would be launched in 1995 and be ready for the flight
operations in 1996 at the IOC of the station. The data collected would
provide verification of the design and approach during the Phase C/D of the
SBOTV and OTV accommodations.
It is unknown at this time if a TDM for propellant transfer/long-term storage
is required on the Space Station.
7.2 DEVELOPMENT AND OPERATION COSTS
Listed below are the ground rules and assumptions integral to the development
of the Space Station OTV accommodations program cost estimates:
a. Cost estimates are in constant 1986 dollars.
b. No fee contingency or government support is included.
c. System estimates include nonrecurring and recurring costs of the OTV
accommodations.
d. SBOTV IOC is 2001.
e. Space Station costs are included for use of IVA support, EVA support, EVA
support, RMS usage, and power consumption.
f. A composite labor rate of $43 per hour is used for all ground support
labor.
g. EVA manhours are charged at 81.715k/crew hour.
h. Vehicle development, production, and spares are not included in this
estimate.
i. Ground facilities and support equipment are not included in this estimate.
Table 7-1 lists the accommodations nonrecurring costs.
The accommodations operations program includes all recurring tasks associated
with SBOTV turnaround and accommodations operations and maintenance. These
numbers are displayed for an average OTV flight rate of 15 per year (see Table
7-2).
The funding requirements for the OTV accommodations program (shown in Table
7-3) are the $1.4 billion development program and the $33 mission average
operations cost, This profile defines a peak funding requirement of $270
million in 1994 and a lO-year operational life cycle cost of 1.7 billion.
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SECTION 8
CONCLUSIONS
The following are the lessons learned from processing the Shuttle Centaur,
which we inputted into the analysis and trade studies on the OTV:
a. Semi-automated cryo stage easily extended to full automation.
b. Identified manual operations: Candidates for automation.
c. ASE for cargo bay GBOTV will be complex (dump and dual-fault-tolerant).
d. Integrated facility recontnended.
e. Facility should provide capability to simulate launch vehicle interfaces
and Space Station interfaces for SBOTV.
f. Reduce number of physical moves.
Figure 8-1 summarizes how the ground processing analysis progressed from the
Shuttle/Centaur data through the expendable and cargo bay OTV alternatives to
the other OTV concepts and then on to the space processing.
GDSS used the manhours expended on processing the first Shuttle Centaur
throughELS up to launch as our starting point. We modified those numbers to
eliminate nonprocessing-related tasks to come up with the 39,000-manhour
number. We modified that number to project what we thought it would take to
process a Shuttle Centaur on a nominal schedule of several a year.
From this data we investigated what tasks it would take to process an OTV.
looked at Shuttle/Centaur-type facilities and task to start with and then
projected what it would take for other facilities and types of tasks. The
differences between the operations are identified on the chart.
We
After we analyzed the cargo bay OTV alternative processing tasks, we applied
this knowledge to come up with manpower and times for the other OTV concepts.
For space processing, we used the Shuttle/Centaur and OTV ground data as a
data base. We modified the ground processing data to eliminate tasks that
were not needed at the Space Station. We then analyzed these tasks to come up
with approaches and manpower to perform them in a space environment. The
recommended manhours for space crewmen and personnel on the ground to perform
these tasks are shown on the chart.
The following summarizes the major results of the analysis performed on the
study:
a. Shuttle Centaur ground processing operations provided detail data base to
identify efficient ground and space processing for future OTVs.
b. Efficient ground processing (GBOTV) requires integrated facility and
automated processing operations.
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c. SBOTV can be based at Space Station and turned around in safe and
cost-effective manner.
d. Minimum SCARs required on initial Space Station for SBOTV.
e. Development of GBOTV operation technology requires analyses, simulation
and ground testing of automated fault detectionlisolation and checkout
system.
f. Development of SBOTV accon_aodations technology requires analyses,
simulation, ground testing and space testing of cryogenic propellants and
maintenance/servicing operations/support equipment.
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SECTION 9
RECOMMENDATIONS FOR FURTHER STUDY
DEFINE PREFERRED OTV CONCEPT(S) AND PROGRAMMATIC APPROACH(ES)
FOR DEVELOPMENT OF A LOW COST OTV THAT CAN EVOLVE AT THE APPRO-
PRIATE TIME FROM A GROUND-BASED CONCEPT LAUNCHED ON APPROPRIATE
EXPENDABLE LAUNCH VEHICLES TO A SPACE-BASED CONCEPT BASED AT THE
SPACE STATION OR A FREE FLYING ORBITAL TRANSPORTATION FACILITY.
INVESTIGATE CANDIDATE ORBITAL TRANSPORTATION SERVICING FACILITY
(OTSF) CONCEPTS PROVIDING VARIOUS COMBINATIONS OF SPACE TRANS-
PORTATION NODE FUNCTIONS IN SUFFICIENT DETAIL TO PERFORM A SYSTEM
LEVEL TRADE-OFF WITH AN INTEGRAL SPACE STATION FACILITY TO DETERMINE
THE BEST APPROACH. PERFORM A CONCEPTUAL DESIGN OF THE RECOMMENDED
APPROACH AND IDENTIFY ITS OPERATIONAL REQUIREMENTS.
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